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ABSTRACT
The overall motivation of this project was to continue the investigation of
reactive shaped charges. Although significant chemical energy is available in
the form of combustion, the coupling of this energy to the target depends
critically on the rate and position of energy deposition. Since this informa-
tion is vital to forecasting damage to the target during the transient event,
fundamental combustion knowledge is necessary to understand and predict
potential damage behavior.
A series of 4 shaped charge tests were conducted. The primary objective of
these tests was to investigate the combustion characteristics of large scale
reactive liners, with emphasis on the 1-2 ms time range. All tests used 50.75
mm aluminum liners fired into a large tank of water with a series of 11 steel
plates installed. Deformation of plates was characterized through use of 5
blue LEDs installed in three target plates (8,9,10). Various means to obtain
high speed images in the later time frame included a custom pipe extrusion
(Test 2) and a custom timed flash (Test 4). Experimental peak pressure
results were on the order of 7000 psi, however, no overpressure was recorded
in the 1-2 ms time range. Plate deformation results agree with previous ex-
periments, where there were large plate deformations in unpenetrated plates.
The maximum deformation in all tests was 0.462”. High speed imaging dur-
ing tests indicated that full plate deformation might be achieved no earlier
than 1150 µs. This is approximately 500-600 µs before late time combustion
as indicated by light emission.
A series of 66 light gas gun tests were fired. The primary objective of these
tests was to produce an equation for oxidation, an indicator of combustion,
as a function of particle size and impact velocity as a supplement to shaped
charge experiments. A test matrix consisting of varying particle sizes (5-
75µm) and velocities (2500-4000 m/s) was developed. A surface was fit to
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the data, and an oxidation equation was determined. Based on the data,
oxidation is roughly proportional to particle size to the second power, with
maximum oxidation occurring in the 25-45 µm range. Data indicate that
oxidation is roughly proportional to impact velocity to the first power. Fur-
ther, preliminary results from tests that varied the depth of water penetrated
show that the mechanism for particle combustion takes approximately 4” of
water to complete.
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CHAPTER 1
INTRODUCTION
Experiments have been conducted at the University of Illinois that show
that aluminum traveling in water combusts at very high velocities [1, 2, 3,
4, 5, 6]. In this study, shaped charges were employed to achieve these high
velocities by accelerating the shaped charge liner directly into an underwater
environment with thin metal plates placed evenly throughout. This paper
continues the work of previous graduate students to try to capture the entire
event on camera. In tandem with this effort, work was done with a light gas
gun (LGG) to control the size and speed of the aluminum particles in order
to try to find a correlation with oxidation rate.
This paper is assembled to first introduce the concept of the shaped charge,
along with all the pertinent mechanisms of combustion. This is followed
by a brief literature review of all the work that was previously done in this
field that provided the project direction. A report of the experimental setup
will be presented, along with the experimental results. A conclusion and
recommendations section will then be provided to provide direction for future
experiments on the subject.
1.1 Shaped Charge Fundamentals
A hollow charge is a cylinder with a hollow cavity on one end of the charge,
and a detonator at the opposite end. The hollow cavity can be “shaped” into
any desirable geometry, usually conical or spherical, to create a localized force
in a desired direction. This kind of hollow charge is called a shaped charge.
The hollow cavity can also be lined with a thin layer of metal, glass, ceramic,
or other material. Under certain conditions, this liner may form a jet when
the explosive charge is detonated, creating a more intense localized force.
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Shaped charge liner material and geometry are critical to performance [7].
This paper solely deals with conical aluminum liners. When this energized
jet strikes a metal plate, a deep cavity is formed, exceeding the depth of a
hollow charge without a liner even though more explosive is available in the
latter case. This phenomenon is dubbed the Munroe effect [7].
Lined shaped charge research accelerated tremendously during the Second
World War era, where it was extremely useful for piercing a barrier like an
armored vehicle. Modern military applications for shaped charges continue to
today, with its main applications in torpedoes, missiles, and high explosive
antitank warheads, among many others. Outside of the military, shaped
charges have found numerous other interesting applications. For example,
shaped charges are used extensively to pierce geological formations in the oil
and coal industry. They also have great use as demolition tools for industrial
applications. This paper considers the military applications of the shaped
charge in an underwater setting. The reader is referred to the following
reference for more information about shaped charge history and applications
[8].
A conventional undetonated lined shaped charge is shown in Figure 1.1. It
should be noted that a reference to the term “shaped charge” will mean a
lined shaped charge assembly for all future references.
Figure 1.1: Schematic of Shaped Charge Assembly[7]
There are four principle elements to a shaped charge (SC): a detonator, a
high explosive (HE), a liner, and a casing. The detonator initiates the det-
onation in the HE, which is the primary energy source for jet initiation and
acceleration. The liner provides the material for the HE to form the hyper-
sonic jet, and can be made from a plethora of materials. In the configuration
above, the liner is conical. The casing provides the structure for all the other
elements. The outer diameter of the case is called the warhead diameter
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(WD). The outside diameter of the liner is dubbed the liner diameter (LD).
The diameter of the area that the HE occupies is called the charge diame-
ter (CD). The distance from the base of the liner to the target is known as
the standoff distance, or just standoff. These are the basic components of a
shaped charge [9]. The steps of shaped charge jet formation are shown below
in Figure 1.2.
Figure 1.2: Jet Formation for a Shaped Charge[7]
After ignition, a blast wave is propagated through the HE towards the liner.
The pressure wave reaches the apex of the conical liner first, and the apex
begins to collapse in the direction of the detonation wave. As the wave
continues past the liner, the HE continues to accelerate the liner material
toward its central axis.
The liner collapse process creates two distinct sections: a low velocity, high
mass slug and a high velocity, low mass jet. The leading edge of the flow
contains the hypersonic jet, which contains approximately 10-20% of the
liner material traveling often faster than 5,000 m/s [7]. To put this into
perspective, a bullet fired from a typical handgun travels only about 350
m/s. The slug travels only about 10% of the jet velocity and contributes
minimally to the overall damage to the target. For conical shaped charge
liners, there exists a linear velocity gradient between the jets leading and
trailing edges. This gradient causes a stretching of the jet, which eventually
leads to the jet breaking into distinct fragments, known as particulation.
This particulation is undesirable for penetration. It has been shown that
target penetration is due to the high pressures between the jet tip and target,
displacing the target material as a mechanism of penetration, not due to any
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thermal effects [7]. The effectiveness of a shaped charge also depends on
the standoff distance mentioned previously. Figure 1.3 displays how certain
variables affect penetration.
Figure 1.3: Liner and Standoff Effect on Penetration[7]
The increased depth from (a) to (b) demonstrates the penetration increase
due to the addition of a liner. The increased depth from (b) to (c) demon-
strates the penetration increase due to a proper standoff distance. There ex-
ists an optimum standoff distance for maximizing penetration. This standoff
is a reflection of the optimum distance for proper jet formation. A standoff
that is too short does not allow the jet to fully form, and too long a standoff
allows particulation to diminish the penetration. Research shows that the
standoff distance is a key aspect to how deep the liner penetrates its target
[9].
1.1.1 Concept of a Reactive Liner
Although shaped charge liners can be manufactured using many different
materials, most often ductile metals like copper or aluminum are used [7]. In
conventional, nonreactive shaped charges, only the kinetic energy is available
for penetration. However, reactive shaped charges, or those that react with
either their intended target, with the environment, or with themselves, have
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the ability to release chemical energy during and after penetration. In the
context of this paper, aluminum shaped charges penetrating an underwater
environment are a great example. Aluminum is not the only metal that
exhibits this reactivity in an underwater environment. Several other metals
have been shown to exothermically react in water as well. Aluminum is the
ideal candidate, however, because of its abundance, high energy output, non-
toxicity, and stability. Beryllium, lithium, and boron all have higher energy
outputs per unit gram, but all are less desirable for reasons pertaining to
volatility and toxicity. The reaction between aluminum and water is highly
energetic, and such a reaction does not take place with copper. Although the
kinetic energy release of copper is greater than that of aluminum due to its
larger density (8.96 g/cc vs 2.71 g/cc), only 10-20% of the liner mass creates
kinetic energy for penetration [7]. Successful coupling of this chemical energy
release with the target could theoretically increase damage by penetration
significantly compared to a non-reactive liner.
Numerous experiments have been performed at the University of Illinois with
the objective of characterizing the water/jet reaction during SC jet penetra-
tion, and determining how this chemical energy release couples to the target
environment. Although substantial chemical energy is available, the coupling
of this energy to the target critically depends on the rate and position of en-
ergy deposition. Since this information is crucial to forecasting damage to the
target during the transient event, basic combustion knowledge is necessary
to understand and predict potential damage behavior.
The chemical reaction between the aluminum jet and water occurs on two
fundamental timescales. Combustion at the leading edge initiates upon Al
water/jet impact, and continues until the leading edge is consumed (10-100
µs). Combustion also occurs in the particles eroded from the leading edge
mentioned previously. This reaction extends beyond penetration timescales
(100-1000 µs) [6]. Combustion is often accompanied by an intense light
emission.
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1.2 Metal Combustion Theory
Underwater combustion of metals is a very important phenomenon for mil-
itary and propulsion applications. Many metals, including boron, lithium,
titanium, hafnium, and aluminum, to name a few, have exothermic reaction
with water at high speeds in water. Metal fuels are attractive due to their
high energy density. In the shaped charge application, successful coupling of
kinetic and chemical energy may potentially increase SC effectiveness.
Aluminum combustion has been heavily researched since the 1960’s. The
standard model for the combustion is the vapor phase diffusion flame struc-
ture [10]. An essential feature of the theory states that the oxide volatiliza-
tion temperature is required to be greater than the boiling point of the metal,
which allows the aluminum to burn as a vapor for necessary diffusion [11].
A schematic of the process is shown below in Figure 1.4.
Figure 1.4: Simplified Aluminum Particle Combustion. Experiments have shown that
the temperature of the droplet is near the melting point of aluminum (2791 K)[10]
As evidenced by Figure 1.4, diffusion is achieved by means of a flame zone.
The flame zone forms at a distance of about 1.5-4 radii from the particle
surface, and it is here where the oxidizer and and vaporized metal meet
and burn. The heat generated from the flame is then conducted back to the
surface, where it adds to the aluminum vaporization. The reaction is believed
to be limited by the diffusion of the vaporized metal away from the particle
surface and an oxidizer towards it. Where aluminum combustion differs from
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liquid fuel droplet combustion theory is that aluminum combustion produces
a condensed oxide phase. Considering the simple case of aluminum burning
in the presence of oxygen, aluminum oxide (Al2O3) is formed and condensed
since its volatilization temperature is 4000 K [11]. This condensation of
oxide products on the particle surface creates an oxide cap which serves as
an energy sink. It also reduces surface area available for combustion. The
combined effects slow the reaction at an increasing rate as burning of the
droplet progresses.
This standard model, however, probably does not accurately model the com-
bustion in the shaped charge and light gas gun experiments. The diffusion-
limited model is probably irrelevant here, where transport to the particle
surface is very rapid due to intense deformation. The deformation of the
particle creates additional surface area that oxidizes very rapidly. For this
reason, the standard model can be modified so that the flame zone lies on
the particle surface, rather than outside of it. The problem with completely
characterizing the mechanism of aluminum combustion lies in the fact that
the experiments create muti-phase, multi-size, and multi-speed particles. For
this reason, so many different combustion regimes could come into play that
it makes it very difficult to know exactly what is taking place.
For this project, combustion of aluminum in water is considered. The reac-
tion is shown below in Equation 1.1.
Al(s) + 3
2
H2O(l) −−→ 12Al2O3(s) + 32H2(g) +
409.1kJ
molAl
(1.1)
The reaction of aluminum in water is theorized to be dependent upon frag-
mentation of the vaporized aluminum and the disruption of the protective
surface oxide layer [12]. Smaller aluminum particles expose more percentage
of their surface to the oxidizing environment, thus are theorized to combust
more, though recent results have shown otherwise [6]. In order to isolate the
combustion event and introduce controllable aspects to it, a light gas gun
was employed.
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1.3 Light Gas Gun Fundamentals
As mentioned previously, a light gas gun was utilized as a way to complement
the research being done simultaneously on shaped charges. A LGG serves as a
means to control the size and velocity of the particles used in the combustion
process. There are too many unknowns in an SC explosion that there is no
way to control the combustion aspect of it. The LGG serves as a way to
do this, and acts to supplement the shaped charge research and combustion
knowledge. The link between SC and LGG is explored further in the following
chapter, but for now the basics of the LGG will be explored.
1.3.1 LGG Introduction and Particle Acceleration
Process
The utility of a LGG lies in its ability to accelerate projectiles to hypersonic
velocities simply and safely. Light gas guns differ from conventional gas guns
in that light gas guns use gases that are light, like hydrogen or helium, hence
the “light” in LGG. The problem with these gases is that almost no chemical
reactions exist to create high pressure light gases. In order to pressurize a
LGG, external work must be applied to the gas.
A LGG contains two stages: 1) propellant stage to accelerate a piston (pump
section) and 2) light gas gun stage to accelerate a projectile (launch section).
These two sections are separated by a diaphragm, set to burst at a specific
high pressure. The pump section contains the low-pressure gas (∼1000 psi)
and the gas is compressed in a confined column by a high velocity piston en-
ergized by a propellant, thus creating much larger pressures in the shrinking
pump section. The moving piston compresses the gas until enough pressure
is built up that the diaphragm bursts, and the light gas enters the second
stage. The light gas expands from its high pressure state to a low pressure
one by accelerating the projectile down the launch tube towards its target.
This whole process is shown in Figure 1.5.
The particles accelerated in this fashion have been shown to approach ve-
locities that they would in a shaped charge explosion, thus making these
experiments a great complement to the SC experiments [6].
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Figure 1.5: LGG Operating Principle - The gun is shown in cross-sectional view. (a)
shows the state of the gun before firing. The piston separates the low-pressure light gas
from the propellant. A diaphragm separates the light-gas from the stationary projectile.
After the powder propellant is ignited, as shown in (b), high-pressure product gases push
the piston down the pump tube toward the diaphragm. This increases the pressure of
the light-gas as the piston moves. At a time depicted in (c), the pressure becomes large
enough to burst the diaphragm, exposing the projectile to the high-pressure light gas.
This effect causes the projectile to explosively accelerate out from the launch tube as
shown in (d).
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CHAPTER 2
REVIEW OF LITERATURE
2.1 Reactive Shaped Charge Liner Research
Numerous papers have been written relating to shaped charge liners, both
reactive and non-reactive. Many of these documents, however, are classified
and not released to the public due to the sensitive nature of the content. The
studies that follow are primarily from research conducted at the University
of Illinois at Urbana Champaign, and the Naval Postgraduate School (NPS),
Monterey, CA. This research examines the performance of the hydroreaction
of shaped charge jets in an underwater environment.
Early experimentation with aluminum shaped charges in water were per-
formed by Fuhs et al [13]. In their setup, aluminum shaped charges were
fired into water tanks and imaged using a high speed camera. The results
of their experiments were that in addition to the aluminum combustion oc-
curring between the Al and the detonation products of the SC device, it was
also reacting with the water.
From 1998 to 2003, Dyna East Technologies (DET) carried out a series of
tests on reactive shaped charges using copper, aluminum, and titanium alloys
[14]. The charges were fired in an underwater environment. Instrumentation
in the tests included a high speed camera for footage of the penetration
event and transducers for recording dynamic pressures. There were many
important conclusions drawn from the experiments. Peak pressures and to-
tal impulses from the aluminum and alloy liners were greater than those
involving copper. Further, experimental visual evidence indicated a bright
illumination of the jet tip when an aluminum or aluminum-titanium alloy
liner was utilized. Additionally, compared to the copper liner, the aluminum
ones resulted in larger penetration cavities, although no increase in pene-
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tration rate was shown. Finally, it was shown that the reaction occurs over
a long time event (10-200 ms). These findings showed that there was an
additional energy release at the Al jet/water interface.
2.1.1 UIUC Reactive Shaped Charge Liner Research
Felts [1] reproduced the finding of DET on a smaller scale. In his experi-
ments, 12.2 mm diameter aluminum and copper liners were fired into large
water tanks and visualized through the use of a high speed camera. Use of
titanium alloys was approximated by firing liners through titanium plates.
In order to compare dynamic pressures, thin walled aluminum cans were
placed just beneath the incoming jets and deformations were recorded. Felts
also utilized spectroscopy in an attempt to identify any products in a chem-
ical reaction that would indicate combustion, namely AlO, Al2O, or AlO2.
Finally, shock tube experiments were performed with variable aluminum par-
ticle sizes.
The results and conclusions of his research confirmed some of the findings of
DET. The high speed footage showed illumination of aluminum liners when
fired into water, with and without the titanium plates, but not when fired
into oil. This suggested that the oxygen in water plays a big part in the
combustion process. Also, deformation of the cans was much greater for the
aluminum liners.There were no signs of any products in his spectroscopic
results, however. In his shock tube experiments, it was shown that Al parti-
cles less than 10 µm are required for fast aluminum reaction in water vapor
(0.2-1 ms), and that increasing concentrations of water decreases the burn
time.
Bill [2] continued experiments in an underwater environment by testing
several different reactive alloys, including, titanium, aluminum, tantalum-
aluminum, hafnium, titanium-aluminum, tantalum-boron, and copper. Di-
agnostics from the tests included high speed imaging, emission spectroscopy,
and combustion residue analysis.
The conclusions of the tests were that titanium-aluminum had the brightest
light emission and peak pressures, although aluminum and hafnium liners
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also produced significant light and pressures. Hafnium liners penetrated the
deepest, and there appeared to be some evidence to support a correlation be-
tween liner density and penetration distance. Bill’s spectroscopic and residue
analysis indicated clearly the presence of combustion products from the re-
active shaped charges from early time spectra, in contrast to the results of
Felts.
Fant [3] added to the reactive liner research by completing penetration tests
using aluminum liners in an underwater environment, with the addition of
steel targets in an open tank (3.5’ x 3.5’ x 4’) and in a confined tube (3.9” ID).
The smaller tube allowed use of reactive and non-reactive fluids due to the
smaller volume. The steel plates acted to simulate compartmentalized tar-
gets. These tests were conducted in water, oil, and 27% hydrogen peroxide
(H2O2). The collected data involved high speed video, pressure measure-
ments, plate deformation measurements, and use of X-ray diffraction (XRD)
for spectroscopic analysis.
Fant’s results showed that the residue composition for aluminum liners showed
16%, 35%. and 75% oxidized aluminum in tests using oil, water, and hydro-
gen peroxide respectively. Some reacted aluminum was found in the non-
reactive oil and this was attributed to reaction with detonation products.
The smallest maximum deformations were seen in the oil tests (29.85 mm),
moderate in the water tests (37.5 mm), and significant in the hydrogen perox-
ide tests (54.18 mm). Although deformation was maximized with hydrogen
peroxide, penetration depth was minimized (2.5 plates). Water tests had the
largest penetration depth (4.5 plates). Fant hypothesized that the reaction
with hydrogen peroxide is so violent that it halts jet penetration. This effect
could however, result in increased damage. Longer duration light emission
was evident in tests using targets, indicating greater particulation of the jet
in these cases.
Rudolphi [4] built upon his predecessors by focusing his liner materials on
aluminum, aluminum-lithium, and aluminum-gallium alloys. Liners were
fired into a series of steel plates in a steel containment chamber. The spaces
between the plates provided miniature water containment chambers that were
used individually to measure light emission and pressure within these cavities.
Additionally, a time of arrival experimental apparatus was constructed using
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the first five plates to give velocity information.
The conclusions of the experiments were that by alloying aluminum with
lithium and gallium, approximately 25% more aluminum reacted with water,
although the alloys had a smaller average penetration depth when compared
to pure aluminum liners. This result could indicate a more violent chemical
reaction with the alloys, as shown previously by Fant. Also of note, seven
out of the nine reactive liner tests showed greater deformation in the first
unpenetrated plate in comparison to the last penetrated plate.
Mason [5] continued the work by focusing on increasing the penetration of
charges through careful design and testing of liners. Through variation of
geometric design, materials used, and method of fabrication and assembly,
the research attempted to establish a baseline for evaluation of subsequent
liner testing. In addition, bimetallic liners (Al/Cu) were tested in various
orientations. Also, experiments were done to scale up the tests by increasing
liner diameter to 50.75 mm. A total of 13 shaped charge tests were conducted
in water or oil.
The results of the experiments were that the bimetallic liners did not increase
penetration distances as hypothesized, but decreased them even compared
to the pure aluminum geometry. Still, light emission indicated evidence of
hydroreaction. It was determined through further testing that the bimetal-
lic designs interfered with proper jet formation, and didn’t result in any
enhancement whatsoever. Insufficient machining precision, lack of material
bonding, or material property dissimilarities were cited as possible expla-
nations for poor performance. The scaled-up experiments were a complete
success and demonstrated the possibility of testing at this scale for future
experiments. Of particular note in these experiments was that large alu-
minum liners deformed significantly the unpenetrated plates in water, but
not in oil, which is further evidence as to the usefulness to hydroreaction for
underwater warhead applications.
Of particular note, one issue that persisted through all shaped charge re-
search was the issue of obtaining a clear visualization of plate deformation.
The first issue with deformation visualization was that light from the pen-
etration event would effectively drown out any lighting techniques used to
aid in plate visualization. Also, the destructiveness of the charge made it
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difficult for any visualization-aiding electronics to stay on for the entire pen-
etration event. Further, the pressure wave produced from the blast consis-
tently obscured the view due to water perturbation around 400 µs, making
it difficult to resolve the plates again until the 1500-2000 µs range, when the
wave had dissipated. For all these reasons, the precise timing of plate defor-
mation remained an unknown, however, video evidence indicated a delayed
aluminum/water reaction, as opposed to an instantaneous one as predicted
by some models.
2.1.2 NPS Shaped Charge Research
In the early 1980’s under Professor Ronald Brown at NPS, experimental
and computational methods were researched in order to better understand
the necessary physics associated with shaped charges and underwater metal
combustion. A computer code was created to model a supersonic jet pene-
trating into water. Currently, NPS researchers continue to do much of the
theoretical work pertaining to this area of research, however, some work is
still done experimentally. Since no computational work was done for this
current research, this will not be addressed in this paper.
Belnap [15] fired copper and aluminum SC liners into an open taken using
water, oil, and hydrogen peroxide. His research focused on the exploration
of the energy release of reacting and non-reacting SC events.
The conclusions of the work were that aluminum liners released approxi-
mately twice the energy in water as the copper liners, and even more so in
the hydrogen peroxide. Also, about half of the mass of the liner was deter-
mined to react with the surrounding reactive fluid.
2.2 Al Combustion Research
Rudolphi [6] later did work on the subject by attempting to define the particle
sizes created in an SC test and replicate the combustion conditions experi-
enced by said particles. Specifically, work was done to investigate velocity
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and particle size effects on aluminum particle combustion. The first part of
his experiments utilized a light gas gun, which not only allowed acceleration
of particles to the necessary speeds (> 3000 m/s), but also allowed variable
velocity. Whereas the shaped charge creates the aluminum particles, the
LGG experiment defines them before the experiment. The second part tried
to provide the link between the SC and LGG experiments by attempting to
define the particle size ranges of particulated aluminum jet material.
The results of the experiments indicated at least 7% by liner mass oxidation
in water, which is consistent with the percentage of the liner which forms
the jet (10-20%). They indicated 0% oxidized in oil. This result contradicts
Fant’s 35% oxidized in water and 16% in oil. Different analysis methods
were cited as the source of contradiction, with 7% and 0% being conserva-
tive approaches. The experiment was able to accurately define the particle
size ranges created during Al jet penetration (10-425µm). This range was
narrowed for the LGG experiments (5-75µm). In the LGG experiments, a
total of 46 successful shots were fired at varying velocities (1500-3000 m/s),
with only two exhibiting any evidence of oxidation, occurring in the largest
particle sizes (45 µm - 75 µm). This was a surprising result since the theory
hypothesized smaller particles experiencing more combustion.
Furthermore, SEM imaging was utilized to characterize surface morphol-
ogy of oxidized particles. The photographs showed that oxidized particles
have a smooth surface of oxidized aluminum, or several oxidized nodules. In
contrast, unoxidized particles indicated high deformation and rough surface
edges.
His conclusions from the study were that particle deformation might have
a serious effect on combustion. Most importantly, the tests verified use of
the LGG as a feasible way to simulate Al SC combustion theory for future
tests.
2.3 Reactive Shaped Charge Liner Summary
A summary of the preceding studies will be detailed in this section. The
experimentally observed combustion characteristics for underwater reactive
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shaped charges will prove useful for better understanding of this current
study.
• Video images suggest a delayed aluminum/water reaction, contrary to
an instantaneous reaction predicted by some models
• Intense light emission from jet’s leading edge (short timescale) and from
penetration cavity (longer timescale) is observed
• Modification of combustion is possible through the use of various fluids
for the environment
• Particle residue from tests verify particulation of the jet and shows
7-35% oxidation in water.
• Presence of physical barriers (steel plate targets), affect combustion via
different particulation mechanism
• Verification of LGG as simulation of SC combustion, with XRD being
current spectroscopic technique
2.4 Project Goals and Objectives
The goal of this project was to build upon the reactive shaped charge liner
research of predecessors at the University of Illinois. Specifically, this project
proceeded on two primary fronts.
On one front, work was done to improve upon the predecessors in the shaped
charge experiments. Specifically, the primary goal of the research was to
visualize the plates during deformation by surmounting previous imaging
problems, and obtain timescales for deformation. Various setup modifica-
tions were made in an attempt to view this temporal event. Pressure and
deformation measurements were taken to provide supplementary experimen-
tal data.
On the second front of this research, this project was carried out to continue
the research of Rudolphi on the LGG. Specifically, the research worked to
improve upon the design of the gun to try to characterize the aluminum
combustion. A total of 66 shots were fired to build up a test matrix that
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tried to find a correlation between particle size and velocity with oxidation.
Furthermore, 5 shots were fired for depth testing in an attempt to characterize
how much penetration into the water is required for combustion.
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CHAPTER 3
EXPERIMENTAL METHODS
3.1 Overview
This chapter highlights the various experimental setups and methods by
which the SC liners and LGG were tested. A total of 4 SC tests and 66
LGG shots were completed, along with 5 additional LGG depth tests. For
the shaped charge tests, a tube extension and a flash triggering system were
constructed to assist in allowing the camera to capture the penetration event,
among other minor upgrades. For the LGG, the many modifications made
to the existing gun will be discussed. The different diagnostics for each set
of experiments will also be mentioned in this section. Finally, the extrac-
tion of the particles from the distilled water and the oxidation quantification
method in the LGG experiments was changed and systematized to obtain
more accurate and unbiased results.
3.2 Shaped Charge Testing Setup
The shaped charge research on campus was conducted in the Engineering
Senior Design Studio at 1013 W. Western, Urbana, Illinois first used by Bill.
The design and use of this facility has been previously described in his thesis.
A brief summary will be mentioned in this paper, but for more detail the
reader is referred to Bill [2]. Since this research into shaped charges did not
go into the spectroscopic analysis of the debris, no attempt to recover the
particles was made for any of the tests. Also, no fluids besides water for
the reactive medium was used. For this reason, the confinement tube, which
made residue collection easier and allowed use of more expensive fluids due
18
to reduced volume, used in previous experiments [3, 4] was not employed.
The sound enclosure and blast tank used in this experiment were reused for
this study. Additional apparatuses constructed for testing described in the
coming sections were fitted into existing ones so that no major changes had
to be made. The goal of this project was to alter the setup in order to extend
the visualization to later times in the penetration event. Previous attempts
failed due to the fact that the excess light from the actual explosion washed
out any visible information, along with the pressure waves obscuring the
viewing.
3.2.1 Blast Tank and Components
The test facility was well-equipped to allow for data extraction from the
highly transient SC penetration event. There were some modifications done
(better described below) to the existing setup to allow for better data ex-
traction. First, back lighting was employed in previous experiments in order
to better see the event on the high speed camera. In these current exper-
iments, three steel target plates were modified to allow a total of 5 bright
blue LED lights to be installed to better visualize the deformation. Second,
a 6’ tube extending from the window of the blast tank was designed and
installed for test 2 in the existing setup to allow more time for the event
to be captured before the pressure waves obscured the view. Another minor
modification was that the existing polyethylene spacer was reconstructed due
to the warping of the existing one from previous testing. Some changes were
made for better structural rigidity. A last modification to the setup was use
of a triggered flash system placed within the blast tank to better illuminate
the penetration event. This was used in SC test 4. Figure 3.1 shows the
experimental setup used in all four tests, with the tube extension and flash
system shown later.
For clarity, a brief summary of the existing setup will be outlined. The blast
tank itself was a 3’ square by 3.5’ tall chamber with 1
2
” thick welded steel
plate walls [16]. Optical access was allowed through the use of 3
4
” thick
polycarbonate windows. The shaped charge rested on a 1” thick, 1’ square
steel base plate that was mounted to crossbars near the top of the blast
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Figure 3.1: Schematic of Shaped Charge Experimental Setup
tank. The base plate contained a 1” diameter hole to allow access for the SC
jet. The shaped charge was enclosed in a 1” thick, 1’ diameter steel shroud
placed on the base plate to contain the debris from the explosion. This shroud
was constrained to the crossbars at 4 corners via S-hooks, steel cable, and
turnbuckles. For better visualization of the blast tank, please refer to Figure
3.10. The tank was covered using a 1” thick high density polyethylene block
resting on a spacer constructed from polyethylene as well. A 121
4
” diameter
hole in the center of the cover allowed the top of the shroud to be accessed
from the outside. Four 15’ nylon straps constrained the cover onto the tank.
A 3’ square neoprene mat was placed on top of the cover and on top of the
mat were place anywhere from five to seven 70 pound sandbags. These bags
were used to absorb a majority of the blast, and keep all fragments contained
within the tank [2]. Mason designed a plate array with 11 steel plates that
could be used as targets that connects to the base plate [5].
This entire blast tank was contained in a 8’ square, 10’ tall sound enclosure
first constructed by Bill [2], and improved upon by Rudolphi [4]. The sound
enclosure deadens the sound from the noisy explosive event and also serves as
a housing for the entire setup. This housing allowed for the installation of a
ventilation system by Rudolphi to clear the blast chamber room of the toxic
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gases released. The initial purpose of the sound enclosure was to reduce the
experimental noise to a level appropriate for a campus environment.
3.2.2 Diagnostics in the Blast Tank
Pressure A total of three pressure transducers were used in the SC tests. As
with tests conducted by Mason [5], the transducers were PCB 138A26 tour-
maline sensors designed for underwater blast applications. Pressure trans-
ducers use a deflecting diaphragm or deforming crystal structure to translate
pressure information into an electronic signal. These sensors were mounted
inside the blast tank about 1’ off from the shaped charge centerline. These
transducers were connected to either Kistler Type 5004 or 5010 Dual Mode
Amplifiers via BNC connection, which in turn connected to a PicoScope 3424
set to acquire pressure data using DC coupling. The configurations of the
transducer and amplifier settings for each test are displayed in Table B.1.
The pressure transducers were mounted at varying depths in the water tank.
Figure 3.2 displays a schematic of the transducers in the tank.
Figure 3.2: Schematic of Pressure Transducer Location in Blast Tank
As with previous tests, the pressure data were used to calculate peak pres-
sures. Also, pressure readings in the 1-2 ms range were sought in order
to support the late time combustion theory as evidenced by the late light
emission from previous tests.
High Speed Imaging and Light Intensity High-speed images were taken
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using the Phantom 7 CMOS camera produced by Vision Research to help
visualize the SC jet penetrating the series of targets in water. Images were
taken at varying frame rates (∼50,000 fps) and resolution, with a 2 microsec-
ond exposure through a 50 mm f/1.4 Nikon lens. The f-number was varied
for each test depending upon the amount of light that was needed, and to
avoid saturation. A pre-trigger of 5 ms was set so that no part of the event
would be missed. The camera was positioned on a custom mount at a fixed
distance from the tank. The camera began recording the event upon recep-
tion of an external 4V pulse supplied from the pulse generator. The exact
configurations of the camera settings for each test are displayed in Table
B.2.
Also, images from the event were quantitatively analyzed using MATLAB.
The total brightness of the image was calculated by summing across all pixels.
This approach was extended for all photos to give a map of the light intensity
over time.
Data Acquisition The PicoScope 3424 was the PC-based digital oscillo-
scope used to measure the analogue signals transmitted from the pressure
transducers. The scope had 4 channels, 12 bit resolution, and USB compati-
bility. Three of the channels were dedicated to receiving the pressure signals,
and the last channel was used for triggering purposes from a 4 V DC pulse
from the pulse generator. For each test, the PicoScope was set to record 10
megasamples/sec with 500 µs/division. The first two tests had a range of
±5V, and all subsequent tests had a range of ±10V.
Detonation, Triggering and Timing The equipment responsible for the
precise timing of the entire shaped charge detonation setup was a digital
delay generator from Stanford Research Systems. This pulse generator pro-
vided four precisely timed independent pulse outputs with a resolution of 5
picoseconds. The SC penetration event was on the order of microseconds so
this instrument provided ample precision for the timing. The pulse generator
sent its signals to the firing system, the LEDs, the camera, and the PicoScope
for all tests, along with the custom flash used in test 4 (discussed later). The
firing system, also called the fire set, was a model FS-42 EBW Firing Sys-
tem. When the fire set received the signal from the pulse generator, a 1 µF
capacitor discharged 4 kV to detonate the explosives. The configurations of
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the pulse generator for each test are displayed in Table B.3. A block diagram
visualization of the diagnostics in the tests is displayed in Figure B.1.
Plate Penetration and Deformation As done in previous tests by Mason,
the scaled-up 50.75 mm shaped charges were used in all four tests. The plate
array and plates that were designed by Mason for these tests were utilized
here. After each test, the number of plates penetrated was noted, and the
three plates of interest (8,9,10) were measured for maximum deformation.
Figure 3.3 shows a picture of a deformed plate.
Figure 3.3: Photograph of Deformation Analyzation
For each plate, calipers were utilized to measure the deformation of each
LED. The data were recored for the three plates for all tests.
Charge Assembly and Explosives Used As with previous experiments,
all explosives were prepared and handled explicitly by Professor Glumac.
The high explosive consisted of approximately 99 % nitromethane (NM) sen-
sitized by 1% diethylenetriamine (DETA) solution. For safety reasons, the
preparation of the explosive occurred when all other preparations were com-
pleted.
The charge assembly used for all experiments with shaped charges was the
same as those used by Mason [5]. A delrin spacer was used to retain the liner
and casing and locate it in the base plate. The 50.75 mm 6061 aluminum
conical liner without an insert and steel casing were manufactured at Zen
Machine Shop in Colorado, along with the spacers. The reader is referred to
Mason for all drawings for the shaped charge assembly [5].
3.2.3 Modifications to Existing Setup
LED-Equipped Plates Based on previous studies, the primary plates of
interest in terms of deformation were plates 8, 9, and 10. In many prior tests,
plate 8 was the last penetrated plate and plate 9 was the first unpenetrated
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plate, or plate 9 was the last penetrated plate and plate 10 was the first
unpenetrated plate. As a reminder, it is the first unpenetrated plate that
often experiences the most deformation, therefore, this experiment chose to
focus on these three plates. As shown in Figure 3.1, plates 8, 9, and 10 were
equipped with LED lights as a means to characterize the deformation. The
lights used were 3mm, 12000 millicandela (mcd), round, blue, superbright,
lead LED lamps with 3V forward voltages.
The LED-equipped plates went through two iterations throughout the SC
tests. Additional modifications were made to increase plate/LED robustness.
The original schematic for the plates used the design by Mason [5]. The
reader is referred to Figure A.1 for the plate drawing. All modification were
done off-campus by Silver Machine Shop. The first iteration of the LED
plates is shown in Figures 3.4 and 3.5.
Figure 3.4: Schematic of Plate Modification for LED Insertion - Iteration 1
The first iteration of the plate is shown in Figure 3.4, with the red lines
showing the modified parts of the plate. A front and side view are displayed.
Only the top of the plate is shown because no modifications were done in
any other place. First, 0.21” deep, 0.15” wide slots were cut in the thickness
of the plate. Holes were added in the slots to allow an LED light to rest in
the slot, with the negative pin bent in the hole to ensure contact with the
plate for a ground. The hole was filled with electrically conductive grease for
robustness. A copper strip was laid across the plate, wrapping around to the
other side, and the LED positive pin was soldered to it in order to connect all
the positive leads of the LEDs together via the strip. It was important that
the positive pins not touch the plate to avoid a short, so electrical insulating
tape and liquid insulation was laid down between the copper strip and the
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Figure 3.5: Schematic of LED Insertion - Iteration 1 (courtesy of Prof. Glumac)
slot. This configuration is shown in Figure 3.5.
Each strip was wired to each other to connect all LEDs from the three plates.
The 15 LEDs were then wired to a custom-made pulse box, which in turn was
connected to the pulse generator. The positive lead went to the connected
copper strips, and the negative lead went to the plate array to connect all the
LEDs to ground. This configuration can be seen in Figure 3.1. The custom
pulse box utilized an n-channel MOSFET (NTE2980) to allow pulsing of the
LED lights via a 6V lantern battery using the signal from the pulse genera-
tor. Pulsing allowed brighter outputs from the LEDs, which was needed to
overcome the ambient light from the event.
The first iteration had several problems with robustness. Evidence from
images taken by the camera show the lights flickering on and off during
the SC event, and many of the LEDs were destroyed. There were definite
contact problems with the LEDs, and this led to the second iteration of
LED-equipped plates.
After the second test, measures were taken to improve the overall robustness
of the LED-equipped plates. The second iteration of the LED plates is shown
in Figures 3.6 and 3.7. The bottom of the plate is now shown because we
added a modification in this section of the plates. Front and side view are
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Figure 3.6: Schematic of Plate Modification for LED Insertion - Iteration 2
Figure 3.7: Schematic of LED Insertion - Iteration 2
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again shown. The copper strip was replaced with lamp cord that was stripped
at the places where the positive pin rested, and the pin was soldered to the
copper interior of the cord. This approach allowed for much less exposed
copper to avoid potential shorting. Conductive metal fibers (bridge wires)
were fed into each hole of the plates because contact between the negative
pin and the plates was thought to be an issue. The bridge wire allowed a
much more robust connection. The end of the plates with the LEDs was
coated in a water-resistant silicone to prevent water from shorting any of the
connections, and provide damping and support. Finally, at the other end,
a bolt was added to allow superior direct ground connection between the
ground wire and the plates. A photograph of the iteration is shown in Figure
3.8
Figure 3.8: Photograph of Plate Modification for LED Insertion - Iteration 2
The photograph shown in Figure 3.9 was taken after a shaped charge test
with each iteration. As shown by the top of the picture, the first iteration was
annihilated after the test. The copper strips were mangled and destroyed and
the LEDs were ripped from their slots and no longer worked. The bottom
of the photograph shows the second iteration. Even after the SC explosion
event, the LEDs still functioned. This was a successful proof of concept
demonstration for the new LED plate design.
Polyethylene Spacer and Cover The old spacer was warped from pre-
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Figure 3.9: Photograph Demonstrating LED Design Robustness. Iteration 1 - Top,
Iteration 2 - Bottom
vious testing so a new spacer with minor improvements was constructed. In
order to prevent bending of the spacer, a galvanized steel flexible strap with
holes (McMaster No: 3051T13) was incorporated as an inner support struc-
ture. This strap prevented the centers of each side of the spacer from bowing
out, as the previous spacer had. Since a new spacer was constructed, the
existing tank cover also had to be modified to fit. We designed the modifi-
cation for a flush fit. Also, a slot in the spacer was cut to allow access for
wire to the inner diagnostics in the tank. The combination of the spacer and
cover on the blast tank are shown in Figure 3.10.
Extension Tube For the second SC test, a 6-foot, pipe size 8, steel exten-
sion tube going from the camera side window was implemented. The purpose
of this extension tube was to allow more time for the pressure wave to hit the
window, hypothetically giving more time for the camera to capture the event.
This tube was designed to allow a look into later stages of the penetration
event that weren’t extractable before due to noise. Figure 3.11 displays the
setup with the extension.
At one end of the tube, a 1’ x 2’, 1/2” thick steel metal sheet with a size 8
hole cut in it for the extension tube was welded to prepare for attachment
to the existing window in the blast chamber. In order to prevent any leaks
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Figure 3.10: Photograph of Newly Constructed Spacer with Galvanized Steel Strap
Figure 3.11: Schematic of Extension Tube Modification
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in the tube/window attachment, a 3/8” buna gasket was attached at both
sides of the plate. A crane was utilized to place the tube in a position ready
for attachment. This was tricky because in order to place the tube in the
proper orientation, the entire extension tube needed to be fed from the inside
of the blast tank, out. For this reason, careful tube size considerations were
taken into account during the design of the extension. After the tube was
placed in the correct position and orientation, the metal sheet was bolted
to the blast chamber in the same manner that the old windows were bolted.
Figure 3.12 shows the welded metal plate with the gaskets and the method
of attachment.
Figure 3.12: Photograph of Tube Attachment Schematic
In order to support and elevate the heavy tube extension, two pipe mounts
were purchased (Waterkey.com No: UPS 6-8). The mounts consisted of a
base plate, a pipe, a height adjustment collar, a tube holder, and a grip. The
pipe used was schedule 40, unthreaded (McMaster No: 7750K236) cut to the
desired length. Using a crane, the pipe mounts were positioned into place,
one in the inside of the chamber and one on the outside, and the tube was
lowered onto them. This provided the solid foundation needed for the pipe
extension attachment. Figure 3.13 shows a photograph of the tube extension
with the mounts outside the blast chamber. Only one support can be seen
because the other is inside the blast chamber.
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Figure 3.13: Photograph of Extension Support Structure
Now that the tube was supported and in place, work was done at the camera
side of the tube to create a viewing window for the event. A 15” OD medium
pressure flange with internal threads (McMaster No: 6806K223) was attached
via custom external threads cut onto the tube. These threads were cut to
fit the threads on the flange and tapered to allow about 2 inches of thread
engagement. The external threads can be viewed in Figure 3.13. A slot was
cut in the flange to allow an 11” OD Buna O-ring (McMaster No: 9452K444)
to be placed for better sealing since the tube would be filled with water. A
1” thick acrylic sheet (McMaster No: 8560K324) was cut in the shape of the
flange and bolted to it to allow viewing of the event.
The entire flange/window part is shown in Figure 3.14. The flange was
attached to the pipe extrusion, thus creating the finishing custom extension
tube. For a full drawing and assembly of the structure, the reader is referred
to the Figures A.2 amd A.3.
Underwater Flash System For the final test, an underwater triggered
flash system was utilized in an attempt to have illumination at later times in
the penetration event. Figure 3.15 displays the setup for the final test with
the flash system.
The custom flash system was modified from an Auto Zoom Thyristor Flash
by Vivitar to allow triggering of the flash externally via the pulse generator.
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Figure 3.14: Photograph of Viewing Window Custom Attachment
This was accomplished by using a photo SCR optocoupler from Fairchild
Semiconductor (model:4N40) to protect the equipment from the high voltages
from the flash system. Also, since the flash was going to be placed in the
blast tank, a shielding box was made to protect it from the underwater
environment. Underwater silicone sealant, along with epoxy, was used to
prevent any leaks into the shielding. Once the flash system was sealed into
the box, it was locked in place, and no more modifications could be done.
Because of this, the batteries that the flash system used to operate were
moved to an external box with a switch, so that the system could be turned
on and off even when the flash system was locked in its shielding box. Since
the flash needed to be focused on the LED plates, a mount was made that
allowed the shielding to be pointed in the direction of the plates. Lamp cord
was used as the extension for the external battery box and the pulse box.
Figure 3.16 shows all parts of the custom flash setup in the blast tank.
Figure 3.16 shows the custom flash within the blast tank pointing directly
at the three LED-equipped plates. At one end of the steel shield, an acrylic
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Figure 3.15: Schematic of Setup with Flash
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Figure 3.16: Photograph of Flash Setup with Custom Pulse Box
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window and buna gasket were epoxied to allow the flash to escape out. In
order to attach the shield to the mount without drilling any holes in the shield
box itself, which would allow water into the box, a custom clamp attachment
was made. A pin connected the angle mount to the attachment allowing a
variable angle. The angle mount was attached to a polyethylene base for
support. Weights were placed on top of the base to lock it into place during
the blast. At the other end of the steel shield, lamp cord to trigger the flash
and turn on the batteries externally were run out the back.
The custom pulse box is also displayed in Figure 3.16. The circuitry of the
box is shown in Figure 3.17.
Figure 3.17: Schematic of Pulse Box Circuitry
The optocoupler allows a trigger between two separate circuits. These sep-
arate circuits were necessary to isolate the high voltage flash from the pulse
generator, protecting the expensive piece of equipment. The pulse generator
inputs a voltage into the optocoupler, which triggers an LED within the de-
vice and acts to close the switch on the other circuit. On the flash side, there
are two pins that when connected allow the capacitor to discharge and flash
the system. These two pins are connected to the optocoupler that when the
pulse generator acts to close the switch in the flash circuit, it connects the
two pins and flashes the system. This is the operating principle of the flash
pulse box. This modification allowed a perfectly timed flash during the SC
explosion, giving much needed light for the camera.
Other Small Modifications There were also some small changes done
to the existing setup that, although small, made a positive contribution for
future testing. First, the valve that allowed the water to be drained from the
blast tank after the shot was previously on the inside of the blast chamber.
For this reason, 20-30 minutes had to elapse before it was safe to re-enter and
drain the tank due to toxins released in the air from the detonation products.
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For this reason, the valve was moved to the outside of the building so that
right after completion of the test, the tank could be drained immediately.
Also, a 24 gallon capacity polyethylene drip pan (McMaster No: 4206T4)
was added underneath the blast chamber to catch water after the test. This
helped immensely in cleanup and saved valuable time.
Another small modification to the setup had to do with the LED lights
themselves. Because of the large amount of wires running through the water-
filled tank, the LEDs would sometimes be on even when not triggered. It
was determined that a metal section on the pressure transducers in the water
was causing the problem and were insulated. Also, since every diagnostic
equipment was connected to the pulse generator, which was in turn connected
to the ground via the power cord, it was placed on a floating ground using
an APC Back UPS ES 350 Battery. This prevented any unwanted grounding
of the electronics.
3.2.4 Safety
Safety was the number one priority in all four shaped charge tests due to the
dangerous nature of the experiments. As mentioned previously, all explosives
were handled exclusively by Professor Nick Glumac, with the NM and DETA
solutions mixed solely by him. For all tests, a standard operating procedure
(SOP) was always followed. The SOP used can be found in Figures C.1, C.2,
and C.3. All physical safety devices are described previously by Bill, Fant,
Rudolphi, and Mason [2, 3, 4, 5].
3.3 Light Gas Gun Testing Setup
The LGG research was conducted using the system that John Rudolphi built
for his dissertation as a foundation. For a complete look at the setup, the
reader is referred to his dissertation [6]. His setup was modified in a number
of ways over the course of the project to make the system and the oxida-
tion data more consistent and robust. All tests were carried out in 2310
Mechanical Engineering Laboratory (MEL), and all microscopy was done in
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the basement of the Materials Research Lab (MRL) using the JEOL 6060LV
SEM microscope with EDS capabilities.
3.3.1 LGG and Components
As mentioned previously, the same setup as before was used as a baseline
for these experiments. A brief summary of the gun in its existing state
before this research is outlined below. For more information on any dimen-
sions, sizing, or any other specifications, the reader is once again referred to
Rudolphi. Figure 3.18 shows a photograph of the LGG and all of its basic
components.
Figure 3.18: Photograph of the LGG Setup
The gun consists of four separate sections: breech, pump tube, area-reducing
(A/R), and launch tube. The breech section is where the gun powder and
cartridge are loaded to give the piston the initial boost, which causes the
compression of the light gas helium in these experiments. To initiate the
powder charge, a pneumatic cylinder impacted a custom firing pin mounted
in the breech end cap. As described in the introduction, the pump tube is
the section that uses a piston to compress the helium, and the launch tube
is where the projectile gets shot out of the gun. Although not shown, a
series of tubing and valves controlled the intake of pressure from a helium
tank into the pump tube and the vacuuming of air out of the launch tube.
All this could be directed toward one main release pipe to vent the whole
system. An A/R section is shown in the figure and is just a way to reduce the
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cross-sectional area of the tubing. The gun is shown in its assembled state
using flanges to connect the sections together. O-rings and copper gaskets
were utilized at the interfaces between each section to provide a better seal
and ensure no air leaks. Diaphragms were made out of mylar to separate
the gases in the pump and A/R sections from the launch section. The gun
was mounted and fixed to the table below it. As the project progressed, the
LGG took a lot of damage from all the shots completed. Because of this,
periodically parts would have to be replaced on the gun. During the project,
the flange between the pump and A/R section got deformed and had to be
replaced. Also, a part of the A/R section broke off and had to be bored out
and filled in. The inner tube of the launch section deformed from the light gas
impact and had to be replaced several times. By the end, the gun was still
in great shape, although careful gun upkeep was definitely required.
At the far end of the launch tube, a capture tank mounted to the table
containing a cylindrical test section filled with distilled water was utilized.
This test section lined up with the gun and was used to “catch” all the fired
aluminum particles.
Pipe System One of the first major modifications to the LGG was a total
upgrade of the piping system to control the pressure inside the gun before
firing. The previous setup to control the vacuum and helium lines was func-
tional, but very cumbersome to operate due to its unorganized nature. A
total overhaul on the piping system was performed to organize and simplify
the setup. Figure 3.19 shows a photograph of the original and upgraded pipe
system.
1
4
” stainless steel pipe was installed along the wall to create a rigid pipeline
structure. In attaching the system to the wall, any residual and unwanted
stresses on the lines were eliminated. All valves were upgraded to stainless
steel ball valves, and a few valves were added for better system isolation.
This organized and rigid structure coupled quite nicely with an SOP, so that
firing of the gun was very systematic and uncomplicated. Figure 3.20 displays
a labeled valve chart that allowed for easier standardization of operating
procedures.
AC Solenoid and Trigger Box The breech section of the LGG was origi-
nally operated using a manual shut off valve to control a simple air cylinder.
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Figure 3.19: Photograph of Original (Top) and Upgraded (Bottom) Pipe System
Figure 3.20: Labeled LGG Valve Chart
39
This valve was located in the firing room adjacent to 2310, placing it about
30 ft upstream of the firing cylinder. The long length of air hose between
the control valve and the cylinder produced a reduction in effective pressure,
causing many misfires. Because of this, an electronically controlled pneu-
matic solenoid valve was added to the breech section. Figure 3.21 displays
the original and upgraded breech section.
Figure 3.21: Photograph of Original (Left) and Upgraded (Right) Breech Section on
the LGG
The inclusion of the solenoid removed the manual expect of firing the gun,
although the manual control valve was still used as a safety interlock. Placing
the solenoid directly behind the firing pin minimized potential pressure losses.
Further, a steel shim stock was added to the breech flange interface to help
prevent any gas or particle leaks. These components can be seen by the right
section of Figure 3.21.
The inclusion of the solenoid also allowed for an electronic firing box. As
shown in Figure 3.22, the box allowed for triggering of the gun by the press
of a button. This new feature drastically improved the safety of operating
the gun. First, the box must be turned on using the on/off power button.
Next, a key must be inserted into the box and turned to arm it. Finally, a
large red button must be pushed to fire the gun. This combination prevented
any accidental firing of the LGG.
Argon Tank Another major modification to the setup was the addition
of an argon tank. This argon tank was connected to a port inserted into
the capture tank to allow the filling up of argon within the tank. One of the
major problems noticed during testing was that when particles in the smaller
size ranges were fired, additional light was evident on the diagnostics before
entry into the test section. It was determined that the aluminum particles
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Figure 3.22: Photograph of Electronic Firing Box
were already combusting prior to entering the water in air, thus skewing the
data. In order to remedy this, the inert gas argon was used for each test so
that the aluminum particles would not react. There was also space between
the end of the launch tube and the entry into the capture tank. For this
reason, scotch tape was used to bridge this gap and allow the argon to fill
in this space, also. Figure 3.23 displays the argon port on the capture tank
top.
Figure 3.23: Photograph of Argon Port in Capture Tank Top
Laser Upgrade The previous setup used an assortment of easily misaligned
laser pointers for velocity measurement. A new system shown in Figure 3.24
was made to replace the old laser pointer system. The upgraded system
utilized laser diodes and mounts to create a more robust system with no
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wire exposed. The laser diodes and detectors were also mounted to the same
platform as the capture tank. This approach created a much more rigid
system with more consistency between shots to give less variability in the
velocity measurements.
Figure 3.24: Photograph of Original (Left) and Upgraded (Right) Laser System
3.3.2 LGG Materials
The materials for the LGG consisted of a piston, projectile, and powder
charge. The assembled piston consisted of custom delrin end caps manu-
factured at Wagner Machine Shop on campus. These fit on the ends of a
0.1875” copper rod, and together accounted for the piston that was placed
into the pump tube. The projectile consisted of a packet of aluminum par-
ticles wrapped inside a thin mylar sheet placed inside a sabot. The finished
loaded sabot was placed in the launch tube awaiting impact from the com-
pressed helium. For the powder charge, a 0.22-caliber gun cartridge was
loaded with approximately 1.83 g of powder, covered, and placed within the
breech section awaiting firing from the firing pin. For pictures of the mate-
rials and the loading procedure for the projectile, the reader is referred to
Rudolphi [6].
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3.3.3 LGG Diagnostics
As before, the primary measurements for this experiment were impact ve-
locity and residue composition. No pressure measurements were recorded
at all throughout the study. As before, impact velocity was measured by
mounting two pen lasers at a known and fixed distance apart outside the
containment tank (50.5 mm). A cylindrical barrel lens was utilized to ex-
pand the beam vertically while maintaining its width, creating a laser sheet
in the path of the accelerating particles that could be broken. In order to
calculate impact velocity, the distance between the lasers was divided by the
transit time recorded by ThorLabs PDAA36A photodiodes. The reader is
referred to Rudolphi for more information about the velocity measurement
method [6].
The second main test diagnostic was particle residue composition. During
combustion, a part of the penetrating aluminum reacts to form alumina
(Al2O3). The amount of alumina is an indicator of how much of the aluminum
reacted. This amount was quantified using an EDS analysis of the solid
residue, unlike previously when XRD was used. As a control, EDS was
performed on un-shot aluminum particles in all particle size ranges to have
a basis for how much oxygen is normally in aluminum. The JEOL 6060LV
SEM microscope in MRL was used for used for measurement.
Numerous shot were completed in all size ranges at varying velocities, and
EDS was utilized to quantitively analyze the oxidation. In this way, a test
matrix was developed with particle size and velocity being the independent
variables, and oxidation being the affected data. The test matrix was a way
to see any potential trends in the combustion of aluminum that could be
extended to shaped charge applications.
3.3.4 Particle Size Ranges
The particle size test ranges utilized in the LGG tests were 5-10, 10-25, 25-
45, 45-53, and 53-75 µm. As before, the particles were separated into their
corresponding size ranges using a mesh and ultrasonic vibration. Verifica-
tion of particle sizes was necessary to ensure that the particles used in each
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size range were indeed of that corresponding size. In order to do this, the
particles were photographed using the JEOL 6060LV microscope, and the
length and width of the particles were recorded using ImageJ software. The
software utilized pixel counts and translated them into actual measurements
by utilizing the magnification and scale from the microscope image. From
each image, 10 random particles were selected for analysis and the size in-
formation was recorded. Figure 3.25 shows an example of an image from the
microscope imaging the range 10-25 µm.
Figure 3.25: Example of an image of aluminum particles (10-25 micrometers).
Accelerating voltage, magnification, and scaling factor are displayed.
3.3.5 Particle Extraction and EDS Analysis
The particle extraction method was changed and systematized over the course
of the experiment and is discussed in the following section.
Analysis of LGG aluminum particles was done to quantify the amount of
unreacted and reacted aluminum. Prior to this, XRD was utilized for this
purpose, but the method was switched over to EDS after the first 22 shots
fired from the LGG. Energy-dispersive X-ray spectroscopy (EDS) is an an-
alytical technique used for the elemental analysis of a sample. It is based
upon the interaction of some source of X-ray excitation and a sample. Its
ability to characterize elements is due to the fundamental principle that each
element has a unique atomic structure allowing unique sets of peaks on its
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X-ray spectrum. In order to stimulate the emission of characteristic X-rays
from a sample, a high-energy beam of charged particles is focused onto the
specimen being studied. The basic operating principle is that when the in-
cident beam strikes the sample, it knocks an electron from its ground state.
This electron must be replaced by an outer, higher-energy electron, and the
difference between the energy states gets emitted as X-rays from the speci-
men. This energy is measured and allows the elemental composition of the
specimen to be measured [17].
After successful firing of the LGG and post-processing of the aluminum par-
ticles, a microscope sample holder was prepared by adding a carbon paper
sticker to the top. The extracted particles were mixed with pure alcohol
and transferred via pipet and deposited onto the carbon tape on the sample
holder. The alcohol was then allowed to evaporate by waiting for approx-
imately 20 minutes. The sample was brought to MRL and exposed to a
pressurized air stream for two minutes to knock off any loose particles. The
sample holder was then screwed into a tray and a piece of copper tape was
placed on the tray as well for future EDS calibration. The tray was then in-
serted into the microscope. The accelerating voltage used on the microscope
was 20kV, the working distance was 10mm, and the spot size was set to ∼60
depending on the state of the microscope at the time. At this point, EDS
analysis was performed on the sample.
Figure 3.26 shows an example of an EDS spectrum of a piece of unoxidized
and oxidized aluminum. The oxidized aluminum has a small spike corre-
sponding to an oxygen EDS signature. This small spike reflects oxygen in
the alumina due to combustion. This oxidation was quantized using the mi-
croscope EDS software by showing the ratio between aluminum and oxygen
by mass and by atoms. In order to calibrate the system for quantization,
the high-energy beam was first used on the copper strip that was put on the
tray. The software has a built-in signature for copper and is able to calibrate
the system based on the reading from the copper.
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Figure 3.26: Example of an EDS spectrum of an unoxidized (top) and oxidized
(bottom) aluminum particle
3.3.6 LGG Depth Testing
Another side project for the LGG was an attempt to see how penetration
depth affected the oxidation process. This was accomplished by varying the
depth of the distilled water that the aluminum particles were shot into. In
order to start the new depth testing, a new design to the test section was
constructed. Figure 3.27 shows the modified test section.
This design used two of the old stock materials for the test section: clear
PVC, schedule 40, pipe size 2 tubes (McMaster No. 49035K48). The first
had half of its thickness reduced starting from the inner diameter and was
cut to a 6” length, the same length as the old test section. The second had
half of its thickness reduced starting from the outer diameter, and was cut
into varying lengths: 0.5”, 1”, 2”, 3”, and 4” . The former acted as the outer
shell holding the latter in place, the inner test section containing the water.
2.5 µm mylar diaphragms were glued onto each open inner pipe face. A small
1
2
” OD hole was drilled into the inner test section to allow water filling when
the diaphragms were installed. Tape was placed over the hole and the inner
test section was then slid into the outer shell until the front face of both were
flush against each other.
Because at some test lengths there wouldn’t be enough water to stop the
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Figure 3.27: Schematic of Depth Testing Modification
projectiles, a design was incorporated that utilized an array of five thick
mylar sheets in series, separated by a centimeter. This setup was constructed
by cutting five centimeter long sections from the inner tube piece and gluing
the thick mylar on one side of the slice. This assembly was then slid into
the shell behind the water test section to provide the extra cushion for safety
reasons. In order to allow the argon to fill up all compartments of the newly
designed test section, small slits were cut at the bottom of the thick mylar
sheets. These gaps would give the argon an opening to fill up the entire test
section to make sure no premature combustion was taking place.
Particle size and velocity were not variables in these tests, and the size range
that had the most amount of combustion based on previous tests was selected
(25-45 µm). Velocities were tried to be kept as consistent as possible. The
same diagnostics and post-processing were performed on the particles for all
tests. Oxidation was compared to tests with the full length test section (6”)
to determine how much water was necessary to match the oxidation at the
full test length.
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3.3.7 Safety
As with the shaped charge experiments, safety was of utmost importance
during firing of the LGG. All shots were fired from a neighboring room ad-
jacent to the one with the gun. Also, a standardized SOP was created and
followed for every shot from the gun. The reader is referred to Figures C.4,
C.4, C.5, C.6, and C.7.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Shaped Charge Tests
A total of four shaped charge tests were conducted. One of these tests,
Test 1, was a trial test to familiarize with equipment and test setup, as well
as provide a path for future tests. This test used the first iteration of the
LED-equipped plates, and test procedures were not yet standardized at this
point. Test 2 utilized the tube extension setup. The second iteration of LED-
equipped plates were used in this test, and all future tests. At this point,
equipment settings were standardized, and an SOP was developed. Test 3
had the tube extension removed, and was a traditional setup shot with the
second iteration of the plates. Test 4 had the custom flash system installed
for testing.
4.1.1 Pressure
Pressure data were recorded for all shaped charge tests, and the results are
shown in Figures 4.1, 4.2, 4.3, and 4.4. No pressure data was extracted from
the first SC test since it was done to get familiarized with the diagnostics.
Realizable pressure data was recorded for the remaining three SC tests.
The second SC test utilized three different scalings for the transducers to
find which scaling suited the tests best. Based on the information in Figure
4.2, the only sensor to not saturate the PicoScope was Transducer 3 set at
2000 psi/V with a range of 5 V. This is evidenced by a lack of information
for the first two transducers at the observation end. Based on this test,
all transducers were set to 1000 psi/V future tests, however, the maximum
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Figure 4.1: Test 1 Pressure results. Note, this was a test run, so proper transformation
form voltage to pressure information was not applied
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Figure 4.2: Test 2 Pressure results
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Figure 4.3: Test 3 Pressure results
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Figure 4.4: Test 4 Pressure results
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voltage allowed was 10 V, not 5 V.
As evidenced by the figures, the first transducer recorded a pressure reading
right around 200 µs for all tests, and by 700 µs there was no more significant
overpressure. This was very disconcerting since one of the major objectives
from the pressure diagnostics was to try to record late time pressure. This
would have given key information for the late time combustion.
Further, for the last two tests, Transducer 1 failed to record a steady, reliable
data stream. This result probably demonstrated that the transducer no
longer functioned properly. Test 4 had no data recorded from Transducer 3,
and no explanation can be offered to explain this.
Table 4.1: Shaped Charge Pressure Summary
Table 4.1 displays the peak pressure results from the SC tests. The peak
pressures for all SC tests was found to be approximately 7,000 psi. The data
shows very consistent results from each test.
4.1.2 Plate Penetration and Deformation
A summary of the penetration results for Tests 1-4 is giving in Table 4.2. Note
for these tests, the air standoff distance was 127 mm. Maximum deformation
was quantified using calipers.
The results from these tests confirm what Mason found in his deformation
testing [5]. The first unpenetrated plate and the following plate deformed the
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Table 4.2: Shaped Charge Penetration/Deformation Summary
most, except in the case of Test 2. In this test, it seemed as if the jet barely
penetrated the ninth plate, and this could account for the large deformation
of this penetrated plate. In Test 3, however, the charge penetrated plate 7
and impacted but did not penetrate plate 8. Impact of plate 8 was verified
by a large Al/Al2O3 deposit on the target. Plate 8, consequently, had the
most deformation of all the plates in that test. As mentioned by Mason, this
deformation of plates after the charge stopped penetrating demonstrates the
possibility of hydroreaction causing this deformation.
A possible explanation as to why the first two SC tests penetrated more
plates than the second two SC tests can be explained by the fact that new
liners were ordered for these tests. The old liners were manuactured by
Zen Machine Shop and the new ones by Wagner Machine Shop. The exact
specifications of previous liners was followed, however, this change in liners
was the only explanation for this fact. It is possible that this was just a
coincidence. To view all plate deformation results and pictures, the reader is
referred to Figures D.2, D.6, D.9, and D.12.
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4.1.3 Light Emission and High Speed Imaging
Light emission and the high speed imaging from the Phantom 7 were the main
diagnostic for the four shaped charge tests. A large amount of work went
into setting up the test in order to extract the most amount of information as
possible. Extra work went into being able to see what happened in the later
stages of the combustion event (1-2 ms). Table 4.3 gives a brief summary of
how each SC test differed.
Table 4.3: Shaped Charge Test Summary
Test 1
The first test was not able to pulse the lights at the 6V as was done in the
next three tests due to a grounding issue. For this reason, 3V was utilized.
Note, this is the maximum allowable continuous voltage for these LEDs.
For each test, the camera was successfully triggered and a recording of the
event was saved. Each high-speed imaging sequence will be presented with
the important frames displayed. The frames will then be briefly analyzed.
Figure D.3 shows the high-speed images from the first test.
When the LEDs are first lit by the triggering pulse box marks time zero.
The first thing to note from the frames is that even before the arrival of the
high-velocity projectile, the LEDs are already flickering on and off. Not only
did they flicker, but they also diminished in intensity. This was evidence
that the first iteration of the LED-plates was not robust enough to handle
the initial shock wave and/or the electrical transient from the SC event. This
initial flickering led to the development of the second iteration of the LED
plates. By the time the charge hits the top plate at 264 µs, only 9 of the 15
lights remain on. At 280 µs, it should be noted that the top plate begins to
slightly deform as the charge continues to penetrate into the targets. At 297
µs, the charge penetrates plate 8. This is the only LED-equipped plate that
was penetrated in this test. The charge struck plate 9, but did not penetrate
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it. By just 379 µs, all the LED lights are off and don’t return on at any
later time. Around 462 µs, the images are clear, however, the opacity bubble
from the pressure wave begins to occlude the event. By 544 µs, the view is
obscured enough that it is impossible to easily resolve displacement. Also, the
light from the initial combustion event begins to fade as well. From this point
on, it is difficult to extract any consequential data until later times.
Figure D.4 displays the MATLAB light intensity analysis. A total of three
peaks in light intensity occur for each shaped charge test. The first quick
peak is from a brief burst given off by the charge before it reaches the plates.
This burst can be seen in D.3 in the frame marked at 132 µs. This event
represents the initial light given off from the explosion and foreshadows the
larger event to come. Around 280m the intensity begins to climb, and this
rise marks the arrival of the jet. Note how much more intense this light as
compared to the rest of the figure. Intensity reaches its peak around 462 µs,
and then begins to decrease again. Around 1000 µs, all the light from the jet
has almost disappeared; however, there is still ambient light floating around
as evidenced by the higher level after the peak compared to before it.
The most interesting part of the figure is definitely the third peak at 1896 µs.
As shown in previous experiments, this is evidence of the combustion that
occurs at the later time scales from the event. Figure 4.5 displays a series of
frames from this later combustion event.
Figure 4.5: High speed images from the first SC test with important frames shown at a
later time scale. The time of each event is shown below each frame. A red line has been
added to highlight what seems to be visible about the plate deformation in these time
scale
As the figure shows, there is indeed a secondary combustion event. The
images seem to indicate further deformation of the plate by this time scale.
An attempt to view this part of the event was done in the following test by
adding the extension tube to allow more time before pressure wave hit the
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window. The grounding issue that existed in the first SC test was resolved
for this second test, allowing a voltage of 6V to be applied to the LEDs.
This would allow the LEDs to appear brighter compared to the ambient
light.
Test 2
Figure D.7 displays the high-speed images from the second shaped charge
test with the extension tube attached. Most of the beginning frames are not
shown because all 15 LED lights stayed on throughout the time before the
arrival of the charge. No flickering occurred, nor any dimming of any kind.
This was just the result we needed for the second iteration of the LED plates
and confirmed their robustness. For this reason, these plates were used for
the remainder of the testing. The charge arrives at the top plate at 175
µs, and at this point the LEDs begin to flicker. This flickering might be
unavoidable due to the enormous pressures in the SC event. At time 210 and
263 µs, the charge penetrates plates 8 and 9 respectively. The charge strikes
plate 10; however, did not penetrate it.
By 380 µs, the image begins to lose resolution, which is much sooner com-
pared to the test without the extension tube. It was deduced that the blast
caused the water in the confined tube to become turbulent, occluding the
event. Although the pressure wave might take longer to reach the window,
the turbulence makes the event more difficult to view, but not impossible.
Probably the most important finding from this entire project on the shaped
charge side came from the later parts of this test. The fact that the LEDs
would flicker on and off was actually put to great use to locate the LEDs
later on in the test.
Looking at Figure 4.6, it can easily be seen that all three plates definitely
deformed from the initial blast. This deformation, however, when compared
to the measurements taken from the calipers, does not seem to account for
all of it. The bulk of the deformation seems to have come at a later time.
Figure 4.7 is the earliest time that full deformation of the plates has been
shown via camera images.
Figure 4.7 displays clearly the LEDs at 1138 µs. There are enough LEDs
on all plates to resolve the general shape of the plates at this time. These
plates seem to be fully deformed at this time, and match very well with the
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Figure 4.6: Two frames from the event superimposed upon one another. One image
shows the LEDs in their initial state before the charge comes and the other image shows
the last resolvable frame in the early timescale before the turbulence begins to occlude
the event. The later image is staggered to the right slightly to easily see the deformation
characterized by the LEDs. All three plates are shown.
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Figure 4.7: Two adjacent frames from the second test. Notice how the arrows point to
light that doesn’t exist in the following frame. This light is evidence of the LEDs
flickering back on. The third image is the result of subtracting the first frame from the
second one, leaving just the LEDs at this time. The resulting image displays a clear
picture of the LEDs at 1138 µs. Red lines have been included to fit the plate
deformation to these LEDs. MATLAB was utilized for image processing and the contrast
and brightness of the frames have been tweaked for clearer visual.
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deformation measurements shown in Figure D.6. Now knowing this strategy
to resolve the LEDs, an attempt to see the plates a little earlier was done.
Although this one isn’t as clear as the first one, Figure 4.8 shows the LEDs
at a slightly earlier time frame.
Figure 4.8: Two adjacent frames from the second test. Notice how the arrows point to
more intense than in the previous frame. This light is evidence of the LEDs flickering
back on. The third image is the result of subtracting the first frame from the second one,
leaving just the LEDs at this time. The resulting image displays a clear picture of the
LEDs at 998 µs. Red lines have been included to fit the plate deformation to these
LEDs. MATLAB was utilized for image processing and the contrast and brightness of
the frames have been tweaked for clearer visual.
Comparing Figure 4.8 to Figure 4.7, it can be seen that the LED in the mid-
dle of the bottom plate touches the edge of the picture in the latter figure.
This is evidence that between 998 - 1138 µs, the tenth plate was still de-
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forming. Based on previous experiments, as well as being confirmed by this
project, light from the secondary combustion occurs around the 1500-1800 µs
range. The plates seem to be fully deformed already prior to this secondary
combustion event. This is strong evidence that the further deformation does
not come from the late combustion or eroded material, but from some earlier
mechanism, possibly the primary combustion at the leading edge of the jet.
Also, from the figure, it seems that the location of the LEDs show a defor-
mation localized towards the center of the plate. It is not until later on at
1138 µs that the entire plate seems to bow out. This could mean that the
combustion of the aluminum particles begins in the center where it was hit
and works its way outward.
In order to estimate the approximate time that the combustion began, an
image analysis was performed using Figures 4.7 and 4.8. The number of
pixels from the center of the middle light on the tenth plate was measured
for each frame, and the distance between the two was calculated. From the
analysis, the distance between the two was 4.5 pixels. In order to determine
the conversion from pixels to a real-world measurement, the light from the
LEDs prior to the arrival of the shaped charge was measured. In the design
of the plates, the distance between the middle LED and and LED on either
side of it is exactly 1 inch. Using MATLAB, the distance in pixels between
the centers of each LED was measured to be 32 pixels. This means that each
pixel is approximately 1
32
”. Using this information, it was estimated that
between the frames in Figures 4.7 and 4.8, deformation of approximately 9
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”
( 0.14”) took place. This deformation took about 140 µs based on the time
located on each frame. From the deformation measurement, the maximum
deformation of the tenth plate was approximately 0.28”. This means that
about 140 µs earlier (858 µs), the plate was possibly just deformed from the
initial deformation from kinetic effects. This is a rough estimation at best,
but it gives some sort of approximation of when the deformation of the tenth
plate occurs from the combustion.
From this evidence, it seems that the kinetic energy from the initial penetra-
tion of the charge into the plates causes the initial minor deformation. In the
test the initial penetration and subsequent deformation of the tenth plate
occurred around 350 µs. After this it is difficult to resolve anything, but at
around 1000 µs the tenth plate is well on its way to fully deformed and by
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around 1125 µs, it seems to be almost fully deformed. This suggests that
in the 600 µs window between 350-1000 µs, the primary combustion of the
aluminum is responsible for the deformation. From this evidence, it would
appear that the main deformation takes places about 500 µs after initial
deformation from kinetic effects.
Overall, this second test demonstrated the ability of the superiority of the
new plates compared to the old ones. From this point, some brainstorming
was done to try to minimize this turbulence, but in the end, it was decided
that trying the next shot without the tube, and with the upgrades LED
plates was the best bet. If the LEDs stayed on like they did in the second
test, without the turbulence from the tube, it was thought that a better look
into the 500 µs to 2000 µs temporal region was possible.
Test 3
The third test was very much like the first test, except with improved plates
that were pulsed at 6V, rather than 3V. This increase would allow for brighter
lights that could be seen more easily,while still using an f-number of 2.
Figure D.10 shows the images from the third shaped charge test. During
this test, three of the LEDs from the bottom plate would not turn on, even
before the test began. Removing them from the water and fixing them would
have taken too much time, so the test was carried out even with only 12
LEDs. The LEDs all stayed on up to the arrival of the charge, which again
supports the use of the new plates. In this test, however, all the lights were
off by 467 µs and never came back on together at any point after. One light
would occasionally flicker on, but without the entire group of lights being on
simultaneously, no conclusions could be ascertained. This made it impossible
to look into the 1-2 ms time window that is so important to see how exactly
the plates are deforming. Further, the jet was unable to penetrate the first
LED equipped plate.
The light from the secondary combustion event is shown in the last four
frames. Looking at 1677 µs, this light seems to show very clearly the defor-
mation of the first plate at this time scale. By superimposing this image with
and image of the LEDs in the last resolvable time frame from the event, it
can be clearly shown that undoubtedly, there is deformation in the secondary
combustion event.
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Figure 4.9: Two frames from the event superimposed upon one another. One image
shows the shadow of plate 8 as illuminated by the late time combustion and the other
shows the last resolvable frame with the LEDs deformed by the initial event. A blue line
outlines the plate based on the shadow created by the light.
Figure 4.9 is again good evidence of further deformation occurring after ap-
proximately 500 µs. The light seems to reflect from the silicone coating to
give some resolution to the plates.It is plainly evident that not all the de-
formation occurs from the initial combustion event. There is indeed some
mechanism occurring that is deforming the plates later on. This deformation
was not characterized due to the pressure wave obscuring the view, as well
as the LEDs turning off at 467 µs. Through thorough analysis, it was deter-
mined that the next step should be to add light to the event during the 1-2
ms window to see if the event could be illuminated. This was done by the
development of the custom flash.
In order to prevent flickering of the LEDs, discussion of switching over to
a reed relay to pulse the LEDs was considered, but never carried out. The
reed relay would have fixed the LEDs if it was a grounding issue, but not if
it was due to the pressure wave.
Test 4
Test 4 utilized the custom flash system with the second iteration of plates.
Figure 4.10 displays how the custom flash illuminates the plates in the un-
derwater environment. Having the plates illuminated in this way negates
the need for LEDs in the testing environment, since they are hardly visible
in the figure anyways. This illumination of the silicone perfectly shows the
64
Figure 4.10: Image taken from the Phantom 7 of the plates flashed by the custom
system. Note the illumination of the plates via the silicone coating.
outline of the plates and could potentially be a beautiful way to show the
deformation.
Figure D.13 shows the camera images from the fourth and final SC test.
The first thing to note from this images is how dim the LEDs appear. This
is because the f-number was increased to 4 due to the light coming from
the custom flash. At any lower of an f-number the flash would saturate the
camera according to test runs. Once again, this shaped charge test failed to
penetrate even the top plate of interest, plate 8. Also, since the f-number
was increased, the light from the LEDs disappears as early as 375 µs. By
630 µs, there is absolutely no light capture from the camera. At 1350 µs,
the light from the custom flash appears, however, not in the way that was
wanted. The light increases and comes to a focus around 2040 µs, unfocused
again, and the refocuses by 2550 µs. The light lingers on the camera until
4000 µs. Unfortunately, no data could be extracted from the fourth SC test
that wasn’t already known.
It is hypothesized that the light from the custom flash was interrupted by
an air bubble generated from the pressure wave. The intensity of the light
compared to that shown in Figure 4.10 shows that the light from the flash
must have been reflected back to the camera before ever reaching the plates.
Furthermore, since the flash system was located in the blast tank, it was
unfortunately destroyed.
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4.2 Light Gas Gun Tests
A total of 66 light gas gun shots were fired and 5 additional shots for depth
testings. Shots 1-22 utilized XRD for particle composition analysis. These
first 22 shots served as an introduction to the setup. The extraction of the
particles from the water was standardized in this time. Shots 23-40 were
processed using the standardized method developed and were analyzed using
EDS instead of XRD. Shots 41-66 were identical to shots 23-40, except argon
was used to prevent premature combustion. In addition to these shots, a
total of five depth tests were completed at varying water depths.
4.2.1 Preliminary Gun Testing, Method Verification, and
Standardization (Tests 1-22)
As in the case of Rudolphi’s experiments, preliminary testing was required
to investigate the effects of the different variables on final projectile velocity
[6]. These variables included initial helium pressure, propellant mass, and
projectile mass. These initial tests were necessary to ensure the LGG was
in the same state as it was when Rudolphi was doing his experiments. It
was determined that initial helium pressure had the greatest impact on gun
performance, and that increasing the helium pressure would increase the
velocity of the projectile. For this reason, all other variables were held as
constant as possible.
A lot of the preliminary work put into the gun involved technique improve-
ments in order to get results that were accurate and unbiased. One of the
major problems of previous experiments with the LGG was the method used
to extract the particles from the water after a successful shot. Previously,
the residue water was collected and poured into baking dishes to evaporate
the water using a series of heat lamps and box fans. This process would
take several hours to get the water completely evaporated. The problem
with this method was that the fact that the aluminum was getting heated
in the water could have induced a reaction that would severely have skewed
the data. Even just leaving the particles in water for long enough has been
shown to induce a reaction. The new process of particle extraction in these
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tests aimed to remove the particles from the water as quickly as possible. A
method was standardized and followed for all tests in the study.
First, the top of the capture tank was scraped against the side to allow all
residue water from the top to fall into the capture tank. Pure alcohol was
squirted onto the top to allow the excess particles to drip into the capture
tank. Alcohol was used instead of water to minimize potential reactions with
the particles. Finally, a microscope glass slide was scraped along the surface
to completely remove all particles from the top. The residue water was then
poured from the capture tank to a 600 mL beaker. The alcohol squirting and
glass slide scraping was applied to all surfaces of the capture tank interior to
gather all the excess particles, and these were again poured into the beaker.
With all the residue water/alcohol mix now in the beaker, tweezers were
utilized to remove any unwanted debris from the water. After extraction,
the water was left to sit for 25 minutes, allowing the particles to sink to the
bottom.
Figure 4.11: Photograph of Processing Equipment (left) and a closeup isometric view
of the 45 Degree Mount (right)
At this point, the water was decanted from the top using a 60 mL syringe
until about 200 mL were left. The waste water was transferred into a second
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beaker. At this point, the beaker with the particles was placed in a custom
45 degree mount using a rubber band to secure it and allowed to sit for an
additional 15 minutes. After this time, more water was siphoned from the
top using a 10 mL syringe until the particles were at risk of being siphoned
away. At this point, the mixture was pouring into a small tray. During the
transfer, any leftover residue in the beaker was squirted with alcohol and
transferred to the tray. It sat for 5 more minutes and water was decanted
one last time. Now, a small slurry of particles, water, and alcohol was left.
Any additional debris was removed one last time. The tray was moved into
a vacuum chamber, and the chamber was vacuumed out to drop the pressure
to a point that induced the remaining water to boil and evaporate. This
process left just the particles in the tray, and these were scraped using a
spatula and poured into a vial for microscope use. The entire process took
only about 1 hour. Figure 4.11 shows a photograph of all the equipment
needed for the processing. The one negative aspect of this new particle
process was that recovery of the smallest size range (0-5 µm) was too difficult
to do consistently. For this reason, the size range was dropped from the
study.
As mentioned in the previous section, during this preliminary gun testing
stages, XRD was ruled out as a means to quantify the oxidation of the alu-
minum particles. There were a number of reason for this change. First, the
amount of powder that was recovered from each successful shot was approx-
imately the minimum amount required for XRD analysis. There was a lot of
variation, however, on the amount of aluminum particles recovered. Thus,
for many of the shots, not enough aluminum particles were recovered for
XRD analysis. Second, XRD requires homogenous powder in order for it to
properly analyze the particles. This homogeneity just wasn’t feasible in the
LGG tests because of all the debris from the piston, projectile, or some other
parts of the gun that got into the processed aluminum. This lack of homo-
geneity caused noise on the analysis that made the data unusable. Finally,
XRD can only be used to analyze crystalline structures, and it was deter-
mined by Rudolphi that the combustion can produce amorphous alumina.
The XRD analysis would leave out this oxidation, thus making it biased and
not accurate. For all these reasons, EDS became the chemical composition
determination method of choice.
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The previous section explained how the EDS analysis works and what meth-
ods were followed each time the microscope was used. In order to extract the
necessary information from the processed particles, a standardized process
was followed to bring the particles into sharp focus and the view was mag-
nified so that about 5-7 particles were visible. At this point, the center of
each particle on the microscope screen was targeted until all particles on the
screen were tested. The oxygen/aluminum ratio of each particle was recorded
by mass and by atom. After all particles on the screen were analyzed, the
view was shifted in a random direction until totally new particles filled the
screen. The view was always shifted in the same direction to ensure no dupli-
cation of particles analyzed. This process was repeated for 50 particles, and
the mean and standard deviation for percent oxidized was recorded. In this
manner, the degree of oxidation for each sample was quantified. A summary
of all EDS test results are shown in Figures D.3, D.4, D.5, D.6, D.7, D.8, and
D.9.
In addition to doing EDS on aluminum particles shot from the LGG, EDS
was also performed on unprocessed aluminum in each size range as a control.
This information would serve as a baseline to compare oxidation in aluminum
particles that were shot from the LGG to what is a typical oxygen count in a
normal sample of aluminum particles. This was also done for pure alumina to
serve as a control on the upper end. In this way, the effects of the combustion
induced by the LGG can be isolated and compared with typical values for
unprocessed aluminum and pure alumina. Furthermore, aluminum particles
that were not shot from the LGG went through the entire processing and
EDS procedures to see what kind of effect, if any, the extraction process has
on oxidizing the aluminum particles. This, too, was performed in each size
range. This kind of testing served as a verification of the processing method
that was developed.
Work was also done during this time in verifying the particle sizes in each
size range. Figures 4.12, 4.13, 4.14. and 4.15 show SEM images of parti-
cles from varying size ranges with Tables 4.4, 4.5, 4.6. and 4.7 being their
corresponding results from the size analysis.
The 10 particles selected at random for measurement are labeled in red nu-
merals as evidenced by the figures. In the analysis of the particles, the
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Figure 4.12: SEM Image of Aluminum Particles Size Ranges 53 - 75 µm
Table 4.4: Size Analysis of Particles Size Ranges 53 - 75 µm
Figure 4.13: SEM Images of Aluminum Particles Size Ranges 45 - 53 µm
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Table 4.5: Size Analysis of Particles Size Ranges 45 - 53 µm
Figure 4.14: SEM Images of Aluminum Particles Size Ranges 25 - 45 µm
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Table 4.6: Size Analysis of Particles Size Ranges 25 - 45 µm
Figure 4.15: SEM Images of Aluminum Particles Size Ranges 10 - 25 µm
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Table 4.7: Size Analysis of Particles Size Ranges 10 - 25 µm
two dimensions of the particles were grouped by size: the smaller dimensions
were grouped together and the larger dimension were grouped together. This
grouping was done in order to obtain the most consistent results about the
size ranges. Particle dimensions that fit their corresponding size range are
highlighted in green, too large for their size range are highlighted in red, and
too small for their size range are highlighted in yellow.
Immediately, it is evident by the tables that having particles that are too
big for their size range is more of a problem than particles being too small.
Many particles have one dimension that fits the size range and one that is
too large for its size range. This effect can be traced back to the manner
in which the particles are separated. By using a mesh, a particle with just
one dimension smaller than the mesh size will be able to fall through it, even
though another dimension is larger. These irregularities are uncontrollable
by the mesh method, and probably do not affect the data in any appreciable
manner. As long as one dimension does fit within the corresponding size
range, the method of particle size separation seems to be a valid enough
means to separate the particles. All but one of the size ranges has their
smaller dimension fit the corresponding size range.
The one exception is for particles sized 45-53 µm. There seems to be a
problem separating particles in the size ranges from 45-75 µm. As evidenced
by the analysis, the average particle dimensions for the 45-53 µm size range
was 60.27 x 81.33 µm, as compared with 60.82 x 82.82 µm for the 53-75
µm size range. Granted, not as many particles were analyzed in these two
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particular size ranges.
The smallest size range analyzed, 10-25 µm, had the best results in the size
analysis. Both the small dimension and the large dimension had an average
that fit within the size range specified. These particles were more square in
shape than the larger particles. Overall, the analysis seems to confirm the
size ranges that the particles were separated into, with the possible exception
of the 45-53 µm range. More testing in this size range is probably necessary
to determine anything definitive.
These first 22 shots were very important for the future of LGG testing. All
later shots followed these strict procedures to get the most accurate and
unbiased results possible. The particle size ranges were indeed verified for
testing, and the stage was set for future tests.
4.2.2 EDS Data Summary (Tests 23-66)
For the remainder of the LGG tests, strict procedures were followed as
outlined above. Tests 23-40 were air/water tests and tests 41-66 were ar-
gon/water tests. For all tests, the thickness of the mylar in the separation
between the A/R section and the launch tube was 0.03 in (three 0.01 in.
sheets). Distilled water was used in all cases as well. The figures and tables
shown below show the results of the LGG experiments.
Figure 4.16 displays the test matrix for the LGG experiments, which shows
the velocity and particle size of each test point. Work was done to make
this test matrix be as extensive as possible. This test matrix consists of
29 data points (9 air/water, 20 argon/water). The argon/water tests cover
ranges from 1817-3100 m/s, and the air/water tests cover ranges from 2489-
4102 m/s. The reason for the much higher speeds in the air/water tests was
that these tests occurred earlier chronologically compared to the argon/water
tests. Over time, the gun began to achieve slower and slower speeds due
to general wear-and-tear. Much work was done to keep the speeds high
throughout the project; however, the speeds near the end never again reach
speeds reached earlier on in the research. Also, as mentioned previously, the
smallest size range (0-5 µm) was deemed too small for particle recovery so
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Figure 4.16: LGG Test Matrix
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Figure 4.17: Air-Water Test Data with Unprocessed/Processed Aluminum and Pure
Alumina Controls
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Figure 4.18: Argon-Water Test Data with Unprocessed/Processed Aluminum and Pure
Alumina Controls
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Figure 4.19: Close-up of Processed and Unprocessed data points
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Figure 4.20: Air-Water Test Data Corrected
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Figure 4.21: Argon-Water Test Data Corrected
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no tests were completed at this level.
Table D.1 shows all the data that were collected during the LGG experiments
using EDS analysis. Included in the table are all the test variables for each
shot (mass of aluminum, mass of the projectile, initial helium pressure, argon
pressure) and results (particle velocity, atomic oxygen percentage, percentage
oxidation, and standard deviation). Also included in the table are all the
atomic oxygen percentages of the aluminum control, processed aluminum
control, averages for the air/water and argon/water in each particle size
range, and the alumina control. The reader is referred to Table D.2 for a
complete logging of shots during testing with notes. Any jumps in the test
number is evidence of an unsuccessful shot.
This information is presented graphically in Figures 4.17 and 4.18. Based on
the data points, the change in oxidation between unprocessed and processed
aluminum was very minimal. Figure 4.19 shows a zoomed in section with
only the processed and unprocessed data points. Error bars are included as a
measure of uncertainty using the standard deviations from the EDS analysis.
The bars show one standard deviation on either side of the mean. All of
the data points fall within the error bars. Interestingly, all processed data
points had less evidence of oxidation than the unprocessed ones. These data
verified the aluminum processing method for all the tests. By processing the
aluminum in the exact manner as explained previously, any bias or accidental
oxidation of the particles was avoided.
The pure alumina is also shown in the figure as a control on the upper end.
A line of average is also shown for both the aluminum and alumina controls.
The figures also include all the test data points shown by the green triangles.
There is indeed some variation in each data point, and this is just a function
of the different velocities that the particles were shot at. The data were
plotted on the x-axis by taking the average of the particle size range it was
a part of. For example, a particle in the 25-45 µm size range was plotted
with a particle size value of 35 µm. This procedure was extended for all size
ranges. In some tests, no oxidation was present, which is evidenced by the
test points near the controls. This result is probably a product of the fact
that the particles did not reach velocities, and therefore temperatures, that
were high enough for combustion to occur. Averages for all groups were also
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plotted, and a trend line was adapted to the test data. Error bars are again
shown.
As evidenced by the extent of the error bars, the method of oxidation quan-
tification had large standard deviations associated with it. In the process of
selecting 50 particles at random, many of the particles showed large amounts
of oxidation and many showed no oxidation at all. This schism in particle
oxidation created the large standard deviations evidenced in the figures. For
future experiments, it may be advantageous to just quantify the oxidized
particles and express the amount of particles oxidized as a percentage of the
population. For example, the mean could be 25% atomic oxidation concen-
tration with 10% of the particles showing evidence of oxidation. The difficulty
in an analysis like this is deciding what exactly qualifies as being oxidized.
The qualification could be standardized in future experiments. This new
method would decrease the standard deviations associated with the analysis
without sacrificing accuracy.
The data shown in Figure 4.17 shows the results from the air/water experi-
ments. The averages form a roughly parabolic curve with the minimum oxi-
dation occurring in the 25-45 µm particle size range. Interestingly, the data
from the argon/water tests show the exact opposite trend. This discrepancy
is striking, but there is indeed some explanation. First of all, the accidental
combustion occurring in the air affected the tiniest particles primarily due
to their high surface area to volume ratio. This phenomenon explains the
much higher oxidation count in air, when compared to argon. The reason
this same combustion doesn’t occur in water at high speeds is still unclear.
In the higher particle size ranges, the increase in the air/water test when
compared to the argon/water tests is probably due to the higher velocities in
the air/water tests. These higher velocities would indeed contribute to higher
oxidation. The air/water experiments may have bias, and may therefore not
be representative of what is truly occurring during the combustion. For this
reason, each set of data should be considered appropriately. Table 4.8 shows
a comparison between similar air and argon cases.
Two of the cases above demonstrate that even at very similar initial condi-
tions, the air tests oxidized more than the argon tests. For the case with
35 µm particle size, however, the argon test oxidized more than the air test.
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Table 4.8: Air/Argon Comparison
This result is inconsistent with the general trend of the air/argon data. More
data needs to be gathered in order to analyze this anomaly further.
Figures 4.20 and 4.21 show the results from the air/water and argon/water
experiments respectively with the tests that did not oxidize (<5%) removed.
These test points are shown, but do not contribute to the group averages,
nor the trend line. This lack of oxidation appeared to be an outliers and
might be due to insufficient velocity for oxidation, although this fact is not
certain. It is not guaranteed that throwing the data out is the correct route;
however, it seems like the best route based on the data shown. The parabolic
fits in these charts seem to fit the data from the experiments much better.
The overall trend is the same, though. Also, the oxidation information is
presented in a different way in the figure. Equation 4.1 displays the new
oxidation equation.
%Oxidation = 100 ∗ AOC −X
Y −X (4.1)
AOC represents the atomic oxidation content of the test point, and Y and
X represent the atomic oxidation content of the test alumina and aluminum
respectively as shown in Figures 4.17 and 4.18. By presenting the oxidation
in this manner, the data is represented in a way that gives information about
exactly how much oxidation occurred in relation to fully oxidized alumina.
Lines of best fit are presented in the figures with their corresponding corre-
lation values, which demonstrate fair fits. Based on these results, oxidation
as a function of the particle size can be determined, and this is shown.
Furthermore, based on the data, it appears that no oxidation occurred in
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particles 5-10 µm. This agrees with Rudolphi’s observations previously that
no oxidation occurred in the smaller size ranges. It appears the optimal
size range is between 25-45 µm, where the tradeoffs between surface area to
volume ratio and ability to combust properly seem to be optimized. The
mechanism that inhibits combustion in the smallest of size ranges is still
unclear.
Figure 4.22: LGG Oxidation vs Impact Velocity. A trend lines was added with the
corresponding equation and correlation.
Figures 4.22 and 4.23 plot the percent oxidation as a function of the velocity
for all particle size ranges and each taken individually. The test points for
both the air/water and argon/water are shown in Figure 4.22 with their
corresponding error bars. The air/water data does not seem to show any
trend whatsoever, so a line was fitted to the argon data only. The R2 value
in this relationship is only 0.17898, which shows a mediocre fit to the data.
The reason for this low number, as well as the relatively modest numbers
shown in the oxidation versus particle size charts, is because both velocity
and particle size range affect oxidation. By looking at them individually, it
effectively neglects to look at an important variable. However, taking a look
at the data separately helps to understand the general trend of the data.
An equation for oxidation as a function of velocity is presented in Figure
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Figure 4.23: LGG Oxidation vs Impact Velocity for each size range. Trend lines were
added with the corresponding correlation. Only three size ranges are shown due to
insufficient data
4.22. Support for the effect of particle size range is shown in Figure 4.23. All
unoxidized data that was thrown out in the previous data was also thrown
out here. Only three size ranges are shown because the other size ranges
only had two data points to fit a line to. This was not enough to draw any
conclusions, thus they were not included. A line with positive slope is fit to
all three sets, which is again a sign of increasing oxidation with increased
velocity. The trend shown in Figure 4.21 is also displayed here with the 25-
45 µm particle accounting for the largest amount of oxidation. More data
points need to be added to determine anything more definitively.
As mentioned previously, it seems that oxidation is a function of both particle
velocity and particle size. For this reason, a three-dimensional polynomial
surface was fitted to the data and the result is shown in Figure 4.24. It is a
second degree fit with particle size and first degree fit with velocity, as shown
previously. A 2D residual plot is shown in Figure 4.25
By extending the fit into three dimensions, a surface can be fit to the data
that takes both variables into account, resulting in a much better overall fit
to the data. The parabolic fit to the particle size data and the linear fit
to the velocity data can be seen from this 3D surface fit. An equation for
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Figure 4.24: LGG Oxidation vs Impact Velocity and Particle Size. A surface was fitted
with the corresponding equation and correlation. This fit was done using the Surface Fit
Toolbox in MATLAB
Figure 4.25: Residuals from surface fit of LGG data
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oxidation as a function of particle size and velocity is presented. This was the
primary goal of the research, so in this respect the LGG experiments were
quite successful. The residual plot shows that none of the data points are
off more than 4 percentage points, which is remarkably good. The R2 value
from this fit is 0.8203, the highest achieved value yet. This evidences that
this kind of surface fitting is a step in the right direction for the model
4.2.3 Depth Testing
Table 4.9 shows the results from the brief depth tests. The table shows the
depth of the distilled water in the LGG test with its corresponding impact
velocity and percent oxidation. For a full detail of EDS results, the reader is
referred to D.10.
Table 4.9: Data Extracted from Depth Experiments - Impact Velocity and Oxidation
Figure 4.26 shows the data with a line of fit representing the best interpre-
tation of the data. The 6 inch depth represents the full length of the test
section and data was taken from the full length testing. In this interpretation,
the aluminum gets oxidized as it travels through the distilled water until it
reaches a critical depth (4 inches), where there is a huge spike in oxidation.
After this point, very little oxidation occurs. This interpretation seems to
fit the mechanism of aluminum combustion as discussed previously in the
introduction. Of note, the PicoScope evidence on the 4 inch test showed a
possibility that the particles could have burned before reaching the distilled
water. At this point in the testing, the argon tank was getting very low so its
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Figure 4.26: LGG % Oxidation vs. Depth of Distilled Water
possible that the argon wasn’t adequately filling up the containment tank.
This could explain the large oxidation percentage. The depth testing was
just a proof of concept test. The data definitely shows a potential correla-
tion, but more data points need to be added to confirm this, especially in
the 4-6 inch region of the depth testing.
In order to supplement the depth testing experimental data, some theoret-
ical calculations were performed to see how far the particles could possibly
penetrate into the water. The theoretical calculations utilized the fact that
a drag force acted to decelerate the particles in the distilled water. Three
cases are presented for the penetrating object: a particle alone, a packet of
particles with full aluminum density, and a packet of particles with partial
aluminum density. Both particle and packet were approximated as rough
spheres. 10 mg was utilized for the mass of the packet, based on the mass of
the aluminum that was measured in experimental tests. For the full density
packet case, the calculation of the particle diameter uses the known mass and
density of aluminum. This means the particle diameter is 0.19 cm for the
full density case. For the partial density case, the diameter of the packet was
a little more tricky, since the exact diameter of the packet of particles as it
enters into the test section is not known. The diameter of the sabot that the
particles are packed into is roughly 0.15 cm. As the sabot is fired, however,
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the particles expand out radially. For this reason, two cases are presented
for a hypothetical packet diameter: 0.25 and 0.5 cm. Equation 4.2 displays
the formula for drag,
FD =
1
2
ρwV
2CDA (4.2)
where FD is the drag force, ρw is the density of distilled water at STP (1000
kg/m3), V is the particle velocity, CD is the coefficient of drag, and A is the
area of the orthographic projection of the particle on a plane perpendicular
to the direction of motion. In the case of a sphere, this is just the area of
the circle with particle/packet diameter. A diameter of 35 µm was used for
the single particle. The initial particle velocity used in the analysis was 3000
m/s, which is an average speed in LGG testing. In order to calculate the
coefficient of drag, the Reynolds number for flow in a pipe was found using
Equation 4.3,
Re =
V DH
υ
(4.3)
where Re is the Reynolds number, DH is the inner diameter of the test
section (2.067”), and υ is the kinematic viscosity of distilled water at STP
(1.0038*10−6). The value for CD was found using the calculated Reynolds
number for a rough sphere (0.4). With all these values, Equation 4.2 could
be modified as,
FD = kV
2 (4.4)
where k is some constant based on the input values described previously.
In this manner, the drag force is proportional to the velocity of the parti-
cle squared. Therefore, as the particle begins to decelerate, the drag force
also decreases. The standard equation for force can be modified to give an
expression for the deceleration of the particle (Equation 4.7),
a =
k
m
V 2 (4.5)
where m is the mass of the particle/packet. The mass of a particle and a
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full density packet was found by multiplying the volume of the sphere by the
density of aluminum (2700 kg/m3).
In order to calculate the changing velocities as the particle decelerates, the
deceleration was discretized as,
Vnew = Vold − k
m
V 2∆t (4.6)
where ∆t is some arbitrarily small time, and Vold/Vnew are the velocities
before/after the discretization. Finally, the penetration depth was estimated
through the use of the equation,
xnew = xold +
1
2
(Vold + Vnew)∆t (4.7)
The results of this analysis are shown in Figures 4.27 and 4.28, where pen-
etration depth is given as a function of time. As evidenced by the figures,
the full density packet penetrates the furthest, followed by the partial den-
sity packet for both cases. When viewed as a single particle, the aluminum
barely travels through the distilled water. The drag force on such a small
particle acts to completely stop the aluminum almost instantaneously. The
full density case is an exaggerated one, and gives a good upper limit for each
hypothetical packet size.
The case with the partial density aluminum matches closest with experimen-
tal results, especially in the 0.25 cm diameter case. The penetration decreases
in the 0.5 cm case, and this makes sense because the density of the packet
would decrease with an increase in volume. Since the analysis depends crit-
ically on the unknown hypothetical packet diameter, the analysis should be
treated accordingly. Still, the 0.25 cm case does fit well with a possible size
for the packet, and the analysis matches quite well with the experimental
results.
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Figure 4.27: Theoretical Depth Calculation - Penetration Depth vs. Time (0.25 cm)
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Figure 4.28: Theoretical Depth Calculation - Penetration Depth vs. Time (0.50 cm)
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CHAPTER 5
CONCLUSIONS AND
RECOMMENDATIONS
5.1 Shaped Charge Conclusions and
Recommendations
5.1.1 SC Conclusions
Various small improvements were made to the tank, including a new spacer
and tank cover. Also, major tank modifications to the existing shaped charge
setup were made in order to allow for better visualization of late time plate
deformation. These modifications included the addition of an extension tube
from the tank window, as well as a custom flash system that would add
light into the frame at a precise time. These were the first tests to utilize
LED-equipped plates triggered by the pulse generator for plate deformation
visualization, and these went through a couple of iterations to increase LED
robustness. Overall, although finicky at times, some really useful information
was extracted using the LED lights, especially in the second shaped charge
test.
Aluminum (6061) was tested in the shaped charge experiments for all tests
and the 50.75 mm conical liners designed by Mason were utilized [5]. All
machining of the shaped charges was outsourced to professional machine
shops. These charges were fired into a series of 11 steel targets in an open
blast tank filled with water for all tests.
Light emission and pressure were dynamically monitored, and high-speed
imaging was captured for each test. Plate penetration and deformation anal-
yses were conducted subsequently. All charges were able to penetrate the
first seven plates and reach the LED-equipped plates (8,9,10), however, tests
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3 and 4 were not able to penetrate the first LED plate. It was hypothesized
that the cause of the decreased penetration was the fact that new shaped
charge liners, spacers, and casings were ordered. Test 1 was able to pene-
trate plate 8 and impact plate 9, and test 2 penetrated plates 8 and 9 and
impacted plate 10. Typically, maximum deformation of the plates occurred
on the first and second unpenetrated plates, which supplements and verifies
previous shaped charge results.
As with previous tests, pressure data proved difficult to obtain in the later
time stages of the shot. There was no evidence of any overpressure after 700
µs. Peak pressures from the tests were consistent and around 7,000 psi.
The primary metric for these shaped charge tests was the high speed imag-
ing. Settings and experiences from past experiments allowed for successful
capturing of images for all four tests. There were problems with keeping the
LED lights on for the tests. Also, flickering of the LEDs and decreased illu-
mination persisted. The first iteration of the lights went off at approximately
379 µs and never turned back on. Also, 6V could not be applied to the lights
due to grounding issues. For this reason, much of the work went into finding a
solution to this problem. Grounding issues and new plate designs were inves-
tigated and solutions were indeed found. The pulse generator was switched
to a floating ground to prevent premature grounding of the lights. Also, it
was determined that a section of the pressure transducers when touching wa-
ter caused premature grounding, so these were covered. The plates took on a
whole new design and future tests demonstrated their superiority. Although
flickering still occurred, it happened at later times.
From the images, many important conclusions were drawn. First, it was
verified that further deformation does indeed occur after the charge has pen-
etrated the plates. The issue with gathering information about the deforma-
tion has been that the pressure wave obfuscates the view around 500 µs. This
obfuscation occurred even earlier with the tube extension, occurring around
380 µs. It was hypothesized that the turbulence of the water in the confined
tube extension was responsible for this premature obscurity. Evidence of
combustion in the particulated regime via late light emissions was shown to
occur around 1600-2000 µs.
The most important new conclusion drawn from these experiments, however,
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came form the second test. Although the blurring of the images due to the
turbulence did occur earlier, the LED lights stayed on the longest for this
test, and more important, they flickered in unison rather than one at a time.
This flickering of lights was used as an advantage when evidence of light
flickering occurred over two adjacent frames. Image processing in MATLAB
allowed a subtraction of one image from the other, leaving just the LEDs
shown in the resulting image. The results from this analysis showed that
at 1138 µs, it appeared that the plates were already fully deformed, evident
from the positions of the LEDs. Further, this same analysis was applied
to an earlier frame, and although not as clear as the former, it appeared
that at 998 µs, the tenth plate was deformed to a lesser degree. This was
evidence that the deformation was still occurring over this time frame. Using
the pixels between LED positions, known distances, and known time frames,
an estimate of the time of initiation of deformation was made. According
to this analysis, the deformation of the tenth plate occurred around 858 µs,
traveling at 9
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” per 140 µs, or about 0.001”/µs. This is the first estimate
at deformation rate and deformation time in the shaped charge experiments.
This conclusion means that the combustion of the eroded jet front at the
later time scales might not be responsible for the deformation as previously
thought, but some earlier time combustion. This deformation occurs some
500 µs after initial deformation due to kinetic effects. Further investigation
into this time range is necessary for future tests.
Further attempts at capturing better images were unsuccessful in Tests 3 and
4. The LEDs in Test 3 did not last long enough to draw any conclusion, and
the custom flash in Test 4 did not illuminate the frame as was needed. The
test runs with the custom flash, however, were successful and illumination
of the silicone coating made for a very nice visualization of the plates. This
did not translate over to the test, however. It was hypothesized that an air
bubble due to the pressure waves caused by the explosion caught most of
the light, rather than the plates themselves. Because of this, no important
conclusions could be drawn from this test either.
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5.1.2 SC Recommendations
Based on the conclusions of this paper, a continuation of the use of the LED-
equipped plates is recommended. Although quite finicky, the brightness of
the light emission from the LEDs made it possible to see them even through
the obfuscation caused by the pressure waves. Very careful construction and
setup of these plates will be required for all future tests. Careful consider-
ation of grounding issues of the LEDs should be noted and research into a
reed relay for the LED circuitry should be done. Also, because of the failure
of Tests 3 and 4 to penetrate the eighth plate, it is recommended that fu-
ture researchers keep in mind that the liners were machined from a different
manufacturer.
For the start of future projects, more shots should be conducted with the
conventional setup (no tube extension, nor custom flash). Test 3 utilized
this approach with the new LED-equipped plates, however, the LEDs failed
to stay on long enough to see further into the penetration process. The
recommendation from this project is to first repeat Test 3 with extra focus
on the robustness of the LEDs. Hopefully, one of the tests will have the
LEDs stay on long enough to extract information. The use of the MATLAB
image subtraction technique is also recommended for future testing.
If this doesn’t work, because Test 2 had the best results, it is recommended
that further testing with the tube extension be done. Although the turbu-
lence in the tube caused the view to be obstructed at an earlier time, it is
possible that the obscurity is to a lesser degree than without the tube ex-
tension, thus allowing the LEDs to be resolved. Research into minimizing
turbulence via meshes or other means should be carried out. And if this
fails as well, the last recommendation would be to utilize the potentiality
of illumination of the silicone coating from the custom flash as a means to
quantify the deformation of the plates. Instead of using this custom flash
within the tank, it is recommended that it be placed outside of it to avoid
being destroyed. For this reason, a glare-proof window might be the best
option to avoid any reflectance of the flash off the tank window.
In terms of the pressure transducers to take pressure measurements, nu-
merous tests have been conducted with various means to record pressure
information in the later stages of the test, and there are very little results
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to show for it. Further, the pressure transducers have been shown to affect
grounding of the LEDs, therefore removing them might help with the LED
issues. It is recommended to reconsider the use of current methods in order to
record pressure information in the 1-2 ms range. If continuing use of current
transducers, it is recommended to test all three transducers prior to testing
and replace as needed. In terms of plate deformation measurements, it is
recommended that these be continued as supplementary to the high-speed
imaging data.
Unfortunately, one of the major flaws with use of lighting inside the tank in
the SC experiments is the unpredictable nature of the penetration. Because
the blast is so destructive and random, it is very difficult to achieve repeatable
test results. In order to extract the information necessary, numerous tests
need to be completed in the same fashion. This doesn’t mean that the same
information will be extracted from the next test, which is a major drawback
to use of lightings inside the blast tank. This fact should be kept in mind for
future testing.
5.2 Light Gas Gun Conclusions and
Recommendations
5.2.1 LGG Conclusions
Various small improvements were made to the light gas gun setup, including
a new pipe system for pressurizing and vacuuming, a solenoid and trigger
box to automate the firing process, an argon tank to prevent premature
combustion in the air before entering the test section, and a laser upgrade to
increase velocity measurement robustness.
The main deviation from previous experiments was the particle extraction
and analysis method. The previous method used heat lamps to evaporate
all the water. This process took may hours to complete, and research had
shown that leaving aluminum particles in water for too long might allow for
unwanted combustion. Through the course of the experiments, a method
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to extract the particles from the distilled water after a successful shot was
developed and standardized. This method involved carefully gathering all
the water and residue into a beaker and decanting the water from the top
using a syringe. Once most of the water was decanted, what remained was
evaporated off using a vacuum chamber instead of a heat lamp. The process
took approximately 1 hour, a vast improvement from the previous method.
The method of analyzing the particles also changed over the course of the
experiments. It was determined that XRD was not a valid means to quan-
tify combustion for many reasons. Foremost of these reasons was the fact
that XRD requires sufficient amounts of homogenous particles. The residue
extracted in the experiments was littered with debris from the shot that was
impossible to completely get rid of. Also, the particles extracted often weren’t
of a sufficient quantity for proper use of XRD. For this reason, the method
was switched over to EDS, and an oxidation analysis was standardized. This
analysis involved selecting 50 particles at random from the collected sample
and performing EDS on each individual particle. The average oxidation was
calculated from these particles. The oxidation analysis had a very wide range
of uncertainty due to the EDS method utilized.
The results from the particle size verification suggested that, for the most
part, the particle separation method used in previous experiments was suf-
ficient. The average of the smallest dimension of the particles always fell
within the range, however, many of the particles were elliptical in shape.
The elliptical particles could easily fall through the meshes used for separa-
tion by their smaller edge. This was unavoidable, and shouldn’t have affected
any of the data. The particles in the 45-53 µm range, however, fell outside
its size range. The particles here were too large and were about the same
size as the particles in the 53-75 µm size range.
A test matrix was developed with varying particle sizes and velocities. The
test matrix consisted of a total of 29 data points (9 air/water, 20 argon/water).
It was determined that tests without the use of argon were probably biased.
The velocities in the air/water tests were notably higher due to the fact that
general wear-and-tear slowed down the shots. This affected the comparison
between them. The smallest of size ranges (0-5 µm) was too difficult to ana-
lyze using the new methods and was subsequently dropped. The results from
the argon/water tests were deemed the best data extracted from the LGG
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experiments. No oxidation in the 5-10 µm size range was present in these
tests. Based on these conclusions, it was hypothesized that particles that are
too tiny interfere in some way with the aluminum combustion mechanism.
This result was also shown by Rudolphi in his experiments [6]. The exact
way in which the small size interferes with proper combustion mechanisms is
still unclear. Particles that are too large have a small surface area to volume
ratio, and thus have less exposed aluminum available for combustion. The
particles in the 25-45 µm size range seem to strike the right balance for max-
imum combustion. In terms of velocity, the data shows that an increase in
velocity increases the oxidation, which matches what theory expects.
Based on the collection of all data points with the unoxidized data points
thrown out, a 3D surface fit to the data was made that had an R2 value of
0.8203. Using this fit, an equation for oxidation as a function of velocity and
particle size was generated.
The results from the brief depth testing showed that as the depth of the water
increases, oxidation increases as well. The oxidation appears to increase ex-
ponentially to around 4”, and then slow down. This result was supplemented
by theoretical calculations. A depth of 4” appears to be sufficient to allow
for completion of the combustion mechanism through the water. Although
only 5 successful shots were completed, the testing showed promise for the
future.
5.2.2 LGG Recommendations
In terms of the LGG setup itself, it is recommended that the entire gun be
deconstructed and each individual part checked for wear-and-tear. Any part
that shows signs of this should be replaced. Hopefully, by performing this
maintenance on the gun, the projectile can reach the velocities that it was
at the start of the LGG experiments.
Argon should be used for all future tests as a failsafe to avoid premature
combustion of the particles. The particle processing method should be con-
tinued as is since it has shown a lot of promise. The EDS analysis definitely
needs to be tweaked due to the large amount of uncertainty associated with
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the method. It is recommended that instead of averaging across all random
particles, only the particles that show oxidation should be averaged. The
proportion of random particles that oxidized should be noted from the sam-
ple. This should decrease the variation associated with the analysis greatly
without sacrificing accuracy. The recommendation for future testing would
be to continue building up the test matrix, and adding more and more data
points. This will allow for a refinement of the oxidation equation as a func-
tion of velocity and particle size. The 0-5 µm particle size range should be
discontinued for all future testing due to its processing difficulty.
Particle size verification should be continued as well, and should be carried
out for every test. By getting an exact average particle size for each test, the
value in each data point can be refined, and not have to rely on just taking
an average. Further, by doing it for every test, more data points can be used
to verify that the particles do indeed fall in the correct range. The range
between 45-75 µm needs to be explored further in particular. Pixel-to-length
image processing analysis should be done for most accurate results.
Lastly, the depth testing has shown a lot of promise as well. These experi-
ments should be continued with a focus on the 3-5” test section length range.
This experiment just needs many more data points added in order to see if
the current trend noted is indeed accurate.
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APPENDIX A
ENGINEERING DRAWINGS
Figure A.1: LED Plate Modification Design (Tests 1-4)
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Figure A.2: Tube extension design for shaped charge test (Test 2)
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Figure A.3: Tube extension drawing - assembled (Test 2)
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APPENDIX B
DATA ACQUISITION SETTINGS
Table B.1: Pressure Settings for all Shaped Charge Tests
Table B.2: Camera Settings for all Shaped Charge Tests. The pre trigger and post
trigger describes how much time the camera recorded before and after being triggered by
the pulse generator. All other settings are self-explanatory.
Table B.3: Pulse Generator Settings for all Shaped Charge Tests
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Figure B.1: Schematic of Connection Scheme of Diagnostic Equipment
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APPENDIX C
STANDARD OPERATING PROCEDURES
FOR EXPERIMENT
Shaped Charge SOP 
Preparation (Prior to testing) 
____   1. Reserve High-Speed Camera for the day of the test 
____   2. Assemble plate array 
____   3. Clean blast tank and windows 
____   4. Ensure blast tank is level 
Tank Setup 
____   1. Lower plate array into center of tank 
____   2. Attach base plate onto underside of tank cross bars with four 1/2” bolts 
____   3. Place shroud on base plate  
____   4. Secure shroud with cables around the tank cross bars 
____   5. Line interior of shroud with plates 
____   6. Attach pressure transducer mount to tank cross bars 
____   7. Secure all wires to appropriate position on the side of the tank using tape 
____   8. Place polyethylene spacer over tank 
____   9. Place cover into spacer 
 
Instrumentation Setup  
____   1. BNC Pulse Generator 
a. Channel 
____   1. T0: Camera – Start Time: 0, Duration:  
____   2. A: Oscilloscope – Start Time: 0, Duration: 
____   3. B: PicoScope – Start Time: 0, Duration: 
____   4. C: Fireset – Start Time: 1 us, Duration: 
____   5. D: LEDs – Start Time: 1 us, Duration: 3000 us (3 ms) 
____   2. Turn on LED’s 
____   3. Attach camera to optics table 
____   4. Set up camera connections 
____   a. Pulse generator channel T0 to triggering cable 
____   b. Triggering cable to camera 
____   c. Camera output to laptop 
____   d. Camera settings 
____   a. Lens: 50mm 
____   b. Resolution: 176x104  
____   c. FPS:  
____   d. Exposure: 1 us 
____   e. Post Trigger: 
Figure C.1: List of Standard Operating Procedures for Shaped Charge Experiment
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____   5. Adjust camera  
____   a. above optics board: 
____   b.  from tank window: 
____   6. Set up pressure transducers connections 
____   a. Attach Transducer wires to Kistler Amplifiers 
____   b. Attach Kisler Amplifiers to Picoscope channels A, B, and C 
____   c. Attach Pulse Generator channel B to Picoscope channel D 
____   d. Attach Picoscope to laptop 
____   7. Apply pressure to transducers and observe picoscope readings 
____   8. Set transducers for test 
____   a. Set Transducer sensitivities to 0.2 mV/psi 
____   b. Set Transducer scales to 500, 1000,and 2000 psi/volt for Picoscope channels A, B and C 
respectively 
____   c. Set Picoscope to 10 MS, 500 us/div,  
____   d. Set Picoscope to trigger from pulse generator (channel D) 
____   9. Set pulse generator  
____   a. 2 volt square pulse for pulse box 
____   b. 4 volt square pulse for picoscope, camera, and fireset 
 
Pre-test 
____   1. Clear a section of the table where the explosive can be prepared 
____   2. Close water release valve 
____   3. Fill tank with water to 2” below base plate  
____   4. Secure tank cover with tie-down straps 
____   5. Adjust camera exposure time to ensure that LEDs can be seen 
____   6. Perform bridge wire tests to check all instruments 
____   a. Picoscope should show signal from pulse generator 
____   b. Camera should record video 
____   7. Make sure picoscope, camera, and LED’s are awaiting the signal 
 
Test 
____   1. Ensure Detonator wires are not attached to the firing box 
____   2. Ensure Firing leads are shunted 
____   3. Professor Glumac will install the shaped charge 
____   4. Place wire mesh over shroud 
____   5. Place neoprene mat on top of tank cover 
____   6. Place five sandbags on mat 
____   7. Cover sandbags with manila rope blast mat 
Figure C.2: List of Standard Operating Procedures for Shaped Charge Experiment
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____   8. Place two steel plates on the sides of the blast tank; tank should now be surrounded with 
steel plates on all four sides 
____   9. Close the door to the sound enclosure 
____   10. Remove all people from Quonset Hut 
____   11. Close all doors to Quonset Hut 
____   12. Attach detonator wires to firing box  
____   13. Plug in firing system 
____   14. Arm firing box 
____   15. Charge Firing Box to 4 kV 
____   16. Blow whistle 
____   17. Trigger pulse generator 
 
Post-Test 
____   1. Unplug firing box 
____   2. Remove detonator wires from firing box 
____   3. Shunt detonator wires 
____   4. Open water release valve 
____   5. Wait for gases to vent from Quonset Hut 
____   6. Save high-speed camera data 
____   7. Save Picoscope data 
____   8. Wait ____ minutes for gases to vent  
____   9. Open door to sound enclosure 
____   10. Uncover blast tank 
____   11. Remove plate array and pressure transducer mount 
____   12. Mop up any spilled water 
____   13. Clean syringes with ethyl alcohol 
____   14. Close the water release valve 
Figure C.3: List of Standard Operating Procedures for Shaped Charge Experiment
108
Light Gas Gun Standard Operation Procedure 
 
Gun Setup 
1 Remove glue from test section using sandpaper. 
2 Glue on test section 2.5 um Mylar membranes (2). 
3 Remove glue from launch tube vacuum fitting using sandpaper. 
4 Glue on launch tube vacuum fitting 6 um Mylar membrane. 
5 Assemble piston; wear safety glasses if using power tools. 
6 Clean pump section, launch section, and A/R section. 
7 Check bolt lifetime sheet; replace breach face bolts if they are past their lifetime 
8 Tighten large bolts on the pump tube mount and the launch tube mount. 
9 
Fill a projectile with aluminum powder.  Record the mass of aluminum inside.  One may wear goggles and a 
breath mask while working with the fine powder. 
10 Install projectile in back of launch section. 
11 Install piston in back of pump section. 
12 Place O-rings on breach face (1), pump section (2), A/R section (2), and launch section (1) 
13 Apply vacuum grease to sealing surfaces where O-rings are placed, including the gun muzzle. 
14 Place diaphragm(s) on launch tube-A/R seal. 
15 Place copper gaskets on pump tube-A/R seal and launch-tube-A/R seal. 
16 Install A/R section. 
17 Install ½” bolts (4) on pump tube-launch tube flanges. 
18 Place 0.01” Mylar diaphragm on breach flange face.   
19 Loosely install launch section underside mount bolts. 
20 Attach breach section to the end of the pump section. 
21 Install ¾” bolts in alignment spacers on breach section-pump section flanges. 
22 Install pressure transducer or ensure the threaded adapter is sealed to 22 ft-lbs. 
23 Bolt Tightening sequence. 
a ¾” to 30 ft-lbs 
b ½” to 30 ft-lbs 
c ½” to 50 ft-lbs 
d ¾” to 50 ft-lbs 
e ½” to 70 ft-lbs 
24 Tighten launch section underside mount bolts with small socket wrench. 
25 Install vacuum fitting on launch tube. 
26 Attach breach flange shim stock wrap. 
27 Clean capture tank – remove any visible dust or debris. 
28 Align capture tank with gas gun muzzle. 
29 Bolt capture tank to table. 
30 Fill test section with deionized water – no air bubbles present. 
31 Place tape over hole on test section. 
32 Mount test section and secure with two zip ties about 2mm from the edge of the last laser sheet. 
33 Screw top onto capture tank. 
34 Connect Argon hose to capture tank top via quick-release fitting. 
35 Place duct tape between vacuum fitting and capture tank entrance. 
36 Wash all beakers, syringes, and other tools (tweezers, spatulas, etc.) 
 
 
 
Figure C.4: List of Standard Operating Procedures for Light Gas Gun Experiment
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Light Gas Gun Standard Operation Procedure 
 
Pre-Firing 
37 Turn on lasers and photodiodes. 
38 Set Picoscope: 50 µs per division, 10 MS, trigger when A drops, record 10% before trigger. 
39 Fill a rifle cartridge; Record the mass of propellant used. 
40 Pack 1”x1” cotton wadding into cartridge. 
41 Hang the “Do Not Enter” sign on hallway door. 
42 Close and lock hallway door. 
43 Put on eye and ear protection. 
44 Ensure firing pin is sharp and positioned properly. 
45 Check set-screw on breach face cylinder. 
46 Grab the keys to the padlocked valve. 
47 Locate valve chart. 
48 
Ensure that everything is set up and that you will not have to reach in front of the gun. 
Move everything that is not needed out of the path of the projectile. 
49 Install cartridge into breach section. 
50 
Install breach end face onto breach section using Allen wrench; check all bolts multiple times to ensure that 
they are as tight as possible. 
51 Close all valves; set all regulators to 0 psi. 
 
Vacuuming Pump Section and He lines 
52 Turn on vacuum pump. 
53 Open G. 
54 Open F. 
55 Open E. 
56 Open B. 
57 Slowly open H. 
58 Close B. 
59 Close E. 
 
Pressurizing Pump Section 
60 Open helium Tank. 
61 Increase helium pressure to slightly above atmospheric pressure (to protect the gauge at C from vacuum.)   
62 Open A. 
63 Open B. 
64 Open C. 
65 Increase helium pressure to desired pressure; the pressure gauge at C should match. 
66 Close B. 
67 Close A. 
68 Close helium Tank. 
 
Vacuuming Launch Tube 
69 Close C. 
70 Close H. 
71 Open I slowly to not rip the muzzle diaphragm. 
72 Close F. 
 
Filling Capture Tank with Argon 
73 Open Argon Tank. 
74 Set regulator to 15 psi. 
75 Open Argon regulator valve. 
 
 
Figure C.5: List of Standard Operating Procedures for Light Gas Gun Experiment
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Light Gas Gun Standard Operation Procedure 
 
Firing 
76 Check diagnostic equipment. 
77 Turn off lights. 
78 Move into 2312. 
79 Close door from 2310 to 2312. 
80 Open air tank. 
81 Open air regulator valve. 
82 Unlock padlocked valve. 
83 Open padlocked valve. 
84 
***SLOWLY*** increase air pressure to desired amount; increasing the pressure too quickly may cause 
premature firing. 
85 Plug firing control box into wall outlet and pneumatic cylinder. 
86 Turn on and arm control box. 
87 In a loud voice, say “Firing in three, two, one.” 
88 Fire. 
 
Post - Firing 
89 Disarm, turn off, and unplug control box. 
90 Close air tank. 
91 Turn off vacuum pump. 
92 Save Picoscope waveform data. 
93 Close Argon regulator valve. 
94 Close Argon tank. 
95 Decrease Argon regulator pressure to 0 psi. 
96 Slowly open J. 
97 Close and lock padlocked valve. 
98 Close air tank regulator valve. 
99 Slowly open D. 
100 Slowly decrease He regulator to 0 psi. 
101 Open B. 
102 Open A. 
103 Open C. 
104 Open F. 
105 Ensure all gauge pressures are zero. 
106 Close valves C and F to protect gauges. 
107 Record the test on the Bolt Lifetime Log sheet. 
 
 
 
 
 
 
 
 
 
Figure C.6: List of Standard Operating Procedures for Light Gas Gun Experiment
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Light Gas Gun Standard Operation Procedure 
 
Post Processing 
108 Unbolt tank from table. 
109 Remove screws from top from capture tank. 
110 Slide lid across the top of the tank to remove water from it. 
111 Rinse top with alcohol. 
112 Scrape the top into the capture tank using a glass microscope slide. 
113 Cut zip ties. 
114 Rinse test section with alcohol and remove from capture tank. 
115 Pour contents of capture tank into a 600 mL beaker. 
116 Rinse sides of capture tank with alcohol. 
117 Scrape the sides of the tank with a glass microscope slide, pushing any aluminum to the bottom of the tank. 
118 Scrape the bottom of tank. 
119 Pour contents of capture tank into the same 600 mL beaker. 
120 Rinse the bottom of the tank with alcohol. 
121 Pour contents of capture tank into the same 600 mL beaker (for the third time). 
122 
Remove large debris from the beaker using tweezers, rinsing each piece of debris with alcohol over the 
beaker to remove any aluminum powder that may be adhering to it. 
123 Allow contents of the beaker to settle for 25 minutes 
124 
Decant most of the water (approximately 200 mL should remain)  using a 60 mL syringe, checking to ensure 
that no aluminum particles enter the syringe.  Place waste water in a second beaker. 
125 Rinse the residue off the side of the beaker using alcohol. 
126 Place the beaker on the angled stand; secure with a rubber band 
127 Allow particles to settle for 15 minutes 
128 
Decant again using 10mL syringe.  Ensure that no aluminum particles enter the syringe.  Stop decanting 
when particles are at risk of being drawn from the bottom of the beaker into the syringe or when almost all 
of the liquid has been removed. 
129 Empty the contents of the beaker into a plastic tray. 
130 
Holding the beaker tilted over the tray, rinse the bottom of the beaker with a small amount of alcohol and 
allow to pour into the tray.   Repeat until the inside of the beaker appears very clean. 
131 Remove small debris using tweezers. 
132 Allow particles to settle for another 5 minutes. 
133 Decant some of the alcohol from the tray. 
134 Place tray into vacuum chamber. 
135 Evacuate the vacuum chamber. 
a Get key from 2314 
b Unlock vent switch in hallway 
c Turn on vent 
d Open gas ballast 
e Turn on pump 
f Open pump 
g Open connection from pump to bottom of chamber; chamber pressure should decrease. 
136 Hold vacuum chamber at approx. 4.5 torr until remaining alcohol is dry. 
137 Turn off vacuum pump by performing step 135 in reverse. 
138 Vent chamber by opening the valve on the underside of the table. 
139 Pour the powder into a vial. 
140 Using a metal spatula, scrape remaining powder from bottom tray into the vial. 
141 Label the vial with the test number. 
 
 
 
 
 
Figure C.7: List of Standard Operating Procedures for Light Gas Gun Experiment
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APPENDIX D
COMPLETE TEST RESULTS
Figure D.1: Test 1 Pressure results. Note, this was a test run, so proper
transformation form voltage to pressure information was not applied
113
Figure D.2: Test 1 Deformation Results
114
Figure D.3: Test 1 high speed images. The time of each event is shown below each
frame.
115
Figure D.4: Test 1 MATLAB light intensity analysis done over all frames. The pixel
intensities were averaged over the entire image to give an average intensity of the frame
116
Figure D.5: Test 2 Pressure results
117
Figure D.6: Test 2 Deformation results
118
Figure D.7: Test 2 high speed images. The time of each event is shown below each
frame.
119
Figure D.8: Test 3 Pressure results
120
Figure D.9: Test 3 Deformation results
121
Figure D.10: Test 3 high speed images. The time of each event is shown below each
frame.
122
Figure D.11: Test 4 Pressure results
123
Figure D.12: Test 4 Deformation results
124
Figure D.13: Test 4 high speed images. The time of each event is shown below each
frame.
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Table D.1: All LGG data points in analysis
126
Table D.2: All LGG data points from entire experiment (w/ notes)
127
Table D.3: All EDS data points from entire experiment. Pink indicates a flag by ISIS
for less than 2 sigma. Yellow indicates a large carbon peak, which is highly subjective.
Yellow boxes were kept at a minimum. (Part 1)
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Table D.4: All EDS data points from entire experiment. Pink indicates a flag by ISIS
for less than 2 sigma. Yellow indicates a large carbon peak, which is highly subjective.
Yellow boxes were kept at a minimum. (Part 2)
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Table D.5: All EDS data points from entire experiment. Pink indicates a flag by ISIS
for less than 2 sigma. Yellow indicates a large carbon peak, which is highly subjective.
Yellow boxes were kept at a minimum. (Part 3)
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Table D.6: All EDS data points from entire experiment. Pink indicates a flag by ISIS
for less than 2 sigma. Yellow indicates a large carbon peak, which is highly subjective.
Yellow boxes were kept at a minimum. (Part 4)
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Table D.7: All EDS data points from entire experiment. Pink indicates a flag by ISIS
for less than 2 sigma. Yellow indicates a large carbon peak, which is highly subjective.
Yellow boxes were kept at a minimum. (Part 5)
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Table D.8: All EDS data points from entire experiment. Pink indicates a flag by ISIS
for less than 2 sigma. Yellow indicates a large carbon peak, which is highly subjective.
Yellow boxes were kept at a minimum. (Part 6)
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Table D.9: All EDS data points from entire experiment. Pink indicates a flag by ISIS
for less than 2 sigma. Yellow indicates a large carbon peak, which is highly subjective.
Yellow boxes were kept at a minimum. (Part 7)
134
Table D.10: All EDS data points from depth testing. Pink indicates a flag by ISIS for
less than 2 sigma. Yellow indicates a large carbon peak, which is highly subjective.
Yellow boxes were kept at a minimum.
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